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Abstract
The electron transport system complexes form supercomplexes (SCs) within mitochondrial
membranes, perhaps increasing respiratory capacity or reducing reactive oxygen species
production. My project aimed to determine the abundance, composition, and stability of SCs
in a hibernator. Hibernators have dynamic metabolisms that change greatly during the winter.
I isolated mitochondria from rats and thirteen-lined ground squirrels (TLGS) in different
hibernation states and measured mitochondrial respiration. I extracted mitochondrial proteins
using two detergents of different strengths, and quantified SC abundance using 2-dimensional
gel electrophoresis and immunoblotting. Rats had fewer SCs than TLGS. SCs are dynamic in
hibernation and the complex III composition of different SCs differed between hibernation
states and seasons. There was no correlation between SC abundance and mitochondrial
respiration. The stability of SCs differed: torpor SCs were most stable. This is the first report
of SC changes during hibernation, and the first to demonstrate their dynamics on a short
timescale.
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Summary for Lay Audience
Thirteen-lined ground squirrels (Ictidomys tridecemlineatus) hibernate throughout the
winter, using only stored fat as fuel. Hibernation consists of two steady states: torpor and
interbout euthermia (IBE). In torpor, squirrels are inactive, body temperature is around 4℃,
and metabolic rate is low. Torpor lasts for 6-20 days, then squirrels arouse to IBE and return
to a warm body temperature and high metabolic rate for 6-12 hours, before entering another
bout of torpor. This cycle repeats until spring.
Ground squirrel physiology changes drastically between these two states, especially
within mitochondria. Mitochondria convert energy derived from food to ATP, a form useable
by all cells. Mitochondria generate ATP using, in part, the electron transport system (ETS).
The ETS is a system of five different enzyme complexes that generate an electrochemical
potential and use it to produce ATP. We previously thought that ETS complexes existed
separately, but recent research shows that they physically associate with one another, forming
supercomplexes (SCs).
Given that metabolic rate and temperature change drastically in ground squirrels during
hibernation, I expected that some characteristics of SCs would change as well. I also
hypothesized that there would be differences between the SCs of ground squirrels and rats that
do not hibernate. To answer these questions, I isolated mitochondria from several tissues of
ground squirrels in different hibernation states, and quantified SCs. Within ground squirrel
mitochondria, SCs exist in the form of “respirasomes” (CI/CIII/CIV), and smaller SCs
(CIII/CIV). I found that ETS complex III associations within SCs were dynamic, and the
percent of CIII associated with each SC type differed between torpor and IBE, and between
winter and summer. I also found that ground squirrels had more supercomplexes than rats did,
and that SC stability differed among hibernation conditions: SCs in torpid animals were the
most stable.
This is the first report of SC changes during hibernation, and of differences between a
hibernator and a non-hibernator. These findings will contribute another piece to the puzzle of
understanding how hibernators are able to alter metabolism to survive extreme conditions.

iii

Co-Authorship Statement
This work is being prepared for publication in the American Journal of Physiology (R) in
collaboration with principle investigator, James F. Staples, and co-author, Brynne M. Duffy.
I, Amalie Hutchinson, participated in experimental design, performed surgeries, isolated
brown adipose tissue and heart mitochondria, performed the BN-PAGE experiments, analyzed
and interpreted the data, and wrote the manuscript.
Brynne Duffy performed surgeries, and isolated liver mitochondria and determined state 3
respiration rate.
Dr. Staples designed experiments, helped with data interpretation, and edited the manuscript.

iv

Acknowledgments
First and foremost, thank you to my supervisor, Jim Staples. Thank you for your guidance,
support, and for caring so deeply for your students – in and out of the lab. I am honored and
excited to continue working with you for my PhD.
Thank you to Brynne Duffy, for the liver data, yes, but mostly for your friendship. You made
working in the lab all night, scraping squirrel cages, and driving to Manitoba fun, and I cherish
the memories.
Thank you to my advisory committee, Chris Guglielmo and Mark Bernards, for your advice,
good ideas, reference letters, and patience as I navigated an MSc during a global pandemic.
Thank you to Sharla Thompson, for the animal care support you provided. Thank you also to
the ACVS vets, for loving the squirrels like we do. Thank you to Erin Nicholas, for providing
the rats and for being so accommodating and kind.
Thank you to Soren Coulson, for your many excellent edits on almost everything I wrote, for
sharing lab tricks and knowledge, and for your friendship. Birds soon.
Thank you to Rob Cumming for lending me your X-Cell Surelock gel rig, it was sure(lock)
helpful. Thank you to Vlad Zhurov for lending me a power supply unit, it powered my lab
days. Thank you to the Molecular Genetics Unit at UWO for the use of your ChemiDoc Imager,
it illuminated my work.
Finally, thank you to my family; my husband, Jeffrey, and my parents and brother, for your
confidence in me, your patience when I want to “science up” everything, and for your love.

v

Table of Contents

Abstract ............................................................................................................................... ii
Summary for Lay Audience ............................................................................................... iii
Co-Authorship Statement................................................................................................... iv
Acknowledgments............................................................................................................... v
List of Figures .................................................................................................................... ix
List of Appendices ............................................................................................................ xii
Chapter 1 ............................................................................................................................. 1
1 Introduction .................................................................................................................... 1
1.1 Thermoregulation .................................................................................................... 1
1.2 Thirteen-lined Ground Squirrels ............................................................................. 2
1.3 Mitochondria and the Electron Transport System .................................................. 3
1.4 ETS Supercomplexes .............................................................................................. 5
1.4.1

Discovery .................................................................................................... 5

1.4.2

Stoichiometry and Diversity of Supercomplexes ....................................... 6

1.4.3

Supercomplex Assembly ............................................................................ 8

1.4.4

Physiological Significance of Supercomplexes .......................................... 9

1.4.5

Supercomplex Stability ............................................................................. 11

1.5 Research Aims and Hypotheses ............................................................................ 12
1.5.1

Research Aim 1: Explore supercomplex dynamics among hibernation
conditions .................................................................................................. 12

1.5.2

Research Aim 2: Do supercomplexes affect mitochondrial respiration?.. 13

1.5.3

Research Aim 3: Comparing SC dynamics of hibernators with a nonhibernator .................................................................................................. 13

1.5.4

Research Aim 4: Determining the stability of supercomplexes................ 14
vi

2 Materials and Methods ................................................................................................. 15
2.1 Animals ................................................................................................................. 15
2.2 Surgeries and Sampling ........................................................................................ 16
2.3 Mitochondria Isolation .......................................................................................... 17
2.3.1

Liver .......................................................................................................... 17

2.3.2

Brown Adipose Tissue .............................................................................. 18

2.3.3

Heart .......................................................................................................... 18

2.4 High-Resolution Respirometry ............................................................................. 19
2.5 2D Blue-Native/SDS PAGE and Western Blotting .............................................. 21
2.5.1

Mitochondrial Protein Extraction ............................................................. 21

2.5.2

Blue-Native PAGE.................................................................................... 21

2.5.3

Protein Staining......................................................................................... 22

2.5.4

SDS PAGE ................................................................................................ 22

2.5.5

Protein Identification through Western Blotting....................................... 23

2.6 Statistical Analysis ................................................................................................ 24
3 Results .......................................................................................................................... 26
3.1 Supercomplex Abundance and Dynamics ............................................................ 26
3.1.1

Supercomplex Characterization ................................................................ 26

3.1.2

Supercomplex Quantification ................................................................... 32

3.2 Do Supercomplexes Affect Mitochondrial Respiration? ...................................... 38
3.2.1

Oxygraph Traces ....................................................................................... 38

3.2.2

Correlations Between State 3 Respiration and SC Abundance ................ 39

3.3 Changes in SC Dynamics between Thermoregulatory Strategies. ....................... 40
3.4 Stability of Supercomplexes ................................................................................. 48
4 Discussion .................................................................................................................... 58
4.1 Supercomplex dynamics and abundance in a hibernator ...................................... 58
vii

4.2 Differences in supercomplex distribution among hibernation conditions ............ 61
4.3 Does supercomplex abundance affect mitochondrial respiration? ....................... 64
4.4 Supercomplex dynamics and abundance in different thermoregulatory strategies64
4.5 Stability of Supercomplexes ................................................................................. 66
4.6 Revisiting the Proposed Physiological Significance of Supercomplexes ............. 68
4.7 Next Steps ............................................................................................................. 70
5 References .................................................................................................................... 72
6 Appendices ......................................................................................................................a
6.1 Appendix 1: Animal Use Protocol ...........................................................................a
6.2 Appendix 2: Western Blot Protocol ........................................................................ b
6.3 Appendix 3: SC Abundance Between Hibernation States .......................................c
6.4 Appendix 4: COVID-19 Considerations ................................................................. d
7 Curriculum Vitae .............................................................................................................e

viii

List of Figures
Figure 1: Diagrammatic representation of a mitochondrion highlighting a canonical depiction
of the electron transport system. ............................................................................................... 5
Figure 2: Diagrammatic representation of the ETS with some examples of types of
supercomplexes. ........................................................................................................................ 7
Figure 3: Hypothetical oxygraph trace of mitochondrial respiration...................................... 20
Figure 4: Representative blue-native PAGE gel displaying the solubilized proteins extracted
from isolated mitochondria from Ictidomys tridecemlineatus sampled during either IBE,
torpor, or summer in three different tissues: BAT (A.), liver (B.), heart (C.). ....................... 28
Figure 5: Representative 2D BN-SDS PAGE western blots from isolated brown adipose
tissue mitochondria from I. tridecemlineatus sampled during either IBE (left), torpor (right)
................................................................................................................................................. 29
Figure 6: Representative 2D BN-SDS PAGE western blots from isolated liver mitochondria
from I. tridecemlineatus sampled during either IBE (left), torpor (right), or summer (bottom)
................................................................................................................................................. 30
Figure 7: Representative 2D BN-SDS PAGE western blots from isolated heart mitochondria
from I. tridecemlineatus sampled during either IBE (left), torpor (right), or summer (bottom).
................................................................................................................................................. 31
Figure 8: Relative staining intensity of the respirasome and small supercomplexes in
mitochondria from I. tridecemlineatus sampled in IBE, torpor, or in the summer in three
tissues: BAT (A.), Liver (B.), Heart (C.).. .............................................................................. 34
Figure 9: Percent of total CIII associated with either the respirasome, smaller SC, or as a
homodimer for I. tridecemlineatus sampled in either IBE, torpor, or summer in three tissues:
BAT (A), Liver (B), Heart (C).. .............................................................................................. 36
Figure 10: Percent of CIV associated with either the respirasome or a smaller SC for I.
tridecemlineatus sampled in IBE, torpor, or summer.. ........................................................... 37
ix

Figure 11: Representative oxygraph traces of isolated heart mitochondrial respiration from an
I. tridecemlineatus from each hibernation condition: A: IBE, B: torpor, C: summer, and D:
rat.. .......................................................................................................................................... 39
Figure 12: The relationship between state 3 respiration and the abundance of the respirasome
and small supercomplex in the liver (A.) and heart (B.) of I. tridecemlineatus sampled in IBE
(red circles), torpor (blue squares), or in the summer (yellow triangles).. ............................. 40
Figure 13: Blue-Native PAGE gel displaying non-denatured mitochondrial membrane protein
extracts taken from I. tridecemlineatus sampled during either IBE, torpor, or summer, and
one Rattus norvegicus in two tissues, liver (A.), and heart (B.). ............................................ 41
Figure 14: Representative 2D BN-SDS PAGE western blots from isolated mitochondria from
Rattus norvegicus. A: Liver, B: Heart.. .................................................................................. 42
Figure 15: Relative staining intensity of the respirasome and smaller supercomplexes in
isolated mitochondria from I. tridecemlineatus and R. norvegicus in two tissues: liver (A.)
and heart (B.).. ........................................................................................................................ 44
Figure 16: Percent of total CIII associated with the respirasome, a smaller SC, or as a dimer
in isolated mitochondria from I. tridecemlineatus sampled in either IBE, torpor, or the
summer and R. norvegicus in two tissues: liver (A.) and heart (B.). . .................................... 46
Figure 17: Percent of total CIV associated with either the respirasome or a smaller SC in
isolated mitochondria from I. tridecemlineatus sampled in IBE, torpor, or the summer, and R.
norvegicus in two tissues: liver (A.) and heart (B.). ............................................................... 48
Figure 18: Representative blue-native gel with isolated liver mitochondrial proteins from an
I. tridecemlineatus sampled in IBE, torpor, or summer, or from a rat (R. norvegicus), and
solubilized with either the gentle detergent, digitonin (Dig., 6 g/g protein) or the stronger
detergent, DDM (3.5 g/g protein).. ......................................................................................... 49
Figure 19: Representative 2D BN-SDS PAGE western blots from liver isolated mitochondria
from three individuals (I. tridecemlineatus), one sampled during IBE (top), one during torpor

x

(upper middle), and one during summer (lower middle) and from one rat (R. norvegicus,
bottom).. .................................................................................................................................. 51
Figure 20: Relative staining intensity of the respirasome (A.) and the smaller SCs (B.) when
IMM proteins of I. tridecemlineatus and R. norvegicus liver mitochondria were solubilized
with either the gentle detergent, digitonin (6 g/g protein) or the stronger detergent, n-dodecylꞵ-d-maltoside (3.5 g/g protein). .............................................................................................. 53
Figure 21: Percent of CIII associated with the respirasome (A.), the smaller SCs (B.), or as a
dimer (C.) when the IMM proteins of I. tridecemlineatus and R. norvegicus liver
mitochondria were solubilized with either the gentle detergent, digitonin (6 g/g protein) or
the stronger detergent, n-dodecyl-ꞵ-d-maltoside (3.5 g/g protein). ........................................ 55
Figure 22: Percent of CIV associated with the respirasome (A.), or a smaller SC (B.) when
liver IMM proteins of I. tridecemlineatus and R. norvegicus were solubilized with either the
gentle detergent, digitonin (6 g/g protein) or the stronger detergent, DDM (3.5 g/g protein)..
................................................................................................................................................. 57

xi

List of Appendices
Appendix 1: Animal Use Protocol…………………………………………………….…….a-b
Appendix 2: Western Blot Protocol...………………………………………………...……..b-c
Figure 23: Representative stain-free gel (A.), stain-free blot (B.), and composite
western blot (C. and D.) images.……………………………………………...……...c
Appendix 3: SC Abundance Between Hibernation States…………………………….…….c-d
Figure 24: Relative staining intensity of the respirasome and small supercomplexes in
mitochondria from I. tridecemlineatus liver between IBE and torpor (excluding
summer)……………………………………………………...………………………..d
Appendix 4: COVID-19 Considerations………………………...…………………...………..d

xii

Chapter 1

1

Introduction
1.1

Thermoregulation

Homeothermy, or the ability of an organism to maintain a constant internal temperature
regardless of ambient temperature (Ta), is thought to have evolved over 100 million years
ago in mammals and birds (reviewed in Grigg et al. 2021). For most homeotherms the
principle source of heat used to maintain a high body temperature (Tb) is derived from
tissue metabolism, a pattern referred to as endothermy (Lovegrove 2012). Especially in
temperate, sub-polar, and polar environments, endothermic homeothermy is energetically
costly. Apart from the requirement to ingest more food for fuel, endotherms evolved
several physiological adaptations, including those related to mitochondria and metabolism
(more mitochondria per cell, higher metabolic rate, “leakier” mitochondria that produce
more heat (Berner 1999)). Most birds and mammals can be considered “strict
homeotherms”, maintaining Tb within a narrow range despite changes in ambient
temperature (Ta) (Grigg et al. 2021).
Heterothermy is a term that describes the ability of certain animals to endogenously
regulate Tb at more than one temperature (Staples 2016). Torpor is a state of inactivity
characterized by low Tb and metabolic rate. Animals that make use of torpor are typically
small endotherms with very high metabolic rates (Staples 2016). Depending on the species,
torpor may be employed on a daily or seasonal basis. Hibernation is a seasonal
phenomenon, characterized by torpor accompanied by a profound decrease in metabolic
rate and Tb lasting days to weeks, and bouts of torpor separated by arousals to euthermia
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during which metabolic rate and Tb return to high, stable levels (reviewed in Staples 2016).
By avoiding the cost of thermoregulation to maintain a high Tb, torpor and hibernation are
presumed to confer selective advantage for energy conservation during a period of cold
stress. Thirteen-lined ground squirrels (Ictidomys tridecemlineatus) decrease whole-animal
metabolic rate by 90% compared with summer values (Muleme et al. 2006), and arctic
ground squirrels (Urocitellus parryii) allow core Tb to drop as low as -2℃ (Buck and
Barnes 2000).
Hibernation requires preparation; energy is needed to last the winter. Thirteen-lined
ground squirrels do not eat throughout the hibernation period. Instead, they store energy in
the form of adipose tissue for future use. There are extensive physiological changes that
occur during hibernation, most of which are reversed during arousal. These changes occur
at the level of the whole-animal (changes in fat accumulation (Hindle and Martin 2014)),
the cell (metabolism of mainly carbohydrates to fatty acids (Carey et al. 2003)), and
organelle (mitochondrial respiration is suppressed by up to 70% in liver during torpor
(Mathers et al. 2017)). The signals that regulate these extensive changes in phenotype are
not well understood, nor has a conclusive factor that determines the onset of hibernation or
arousals been found.

1.2

Thirteen-lined Ground Squirrels

Thirteen-lined ground squirrels are obligate hibernators (MacCannell and Staples
2021) found throughout central North America in prairie grasslands. During torpor, Tb falls
to 4℃, heart-rate to drops to 4-5 beats per minute (MacCannell et al. 2018), and metabolic
rate decreases by up to 70% in liver mitochondria (Muleme et al. 2006; Mathers et al.
2017). Bouts of torpor last between 6 and 21 days before interruption by interbout
2

euthermia (IBE) (Kisser and Goodwin 2012). Early during an arousal, brown adipose
tissue-mediated non-shivering thermogenesis begins, increasing Tb to approximately 14℃,
followed by intense shivering until a Tb near 37℃ is reached. Complete return to euthermia
occurs within 3 hours and lasts between 6 and 12 hours before another bout of torpor
begins. This cycle repeats until spring.
Previous studies have shown that, in torpor, mitochondrial respiration is suppressed in
liver (Muleme et al. 2006), brown adipose tissue (McFarlane et al. 2017), and both skeletal
and cardiac muscle (Brown and Staples 2014). Mitochondrial protein content does not
change between hibernation states, but there is decreased flux through the electron
transport system (ETS) in torpor (Mathers et al. 2017). Inhibition of succinate
dehydrogenase (complex II) by oxaloacetate accounts for some, but not all, of the
suppression in torpor (Armstrong and Staples 2010). There is also increased reactive
oxygen species (ROS) production and protein damage in torpor compared to IBE and
summer (Duffy and Staples, unpublished). These findings point toward the mitochondrial
electron transport system as a key player in the regulation of hibernation metabolism. It is
likely that post-translational modifications to ETS proteins play an important role in this
reversible mitochondrial suppression (Mathers and Staples 2019), but other factors may
also be important. The goal of my M.Sc. research was to investigate the potential
contribution of changes in ETS supercomplexes to the changes in mitochondrial
metabolism during hibernation.

1.3

Mitochondria and the Electron Transport System

Mitochondria are double-membraned organelles of eukaryotic cells; they have an outer
membrane (OMM), and an inner membrane (IMM), separated by the inter-membrane space
3

(IMS). The innermost compartment of a mitochondrion is called the matrix. The IMM is
highly folded into the matrix, and the folds are referred to as cristae.
The electron transport system (ETS) is comprised of five protein complexes embedded
in the IMM (Figure 1). Each protein complex is more electronegative than the last, an
arrangement which drives a series of reduction-oxidation (REDOX) reactions that
generates a proton motive force. The REDOX reactions of the ETS are exergonic; some of
the free energy released is used to pump protons from the matrix to the IMS, but much of
that energy is also released as heat. The citric acid cycle oxidizes molecules derived from
food resources and generates reducing equivalents (NADH, FADH2). NADH enters the
ETS at complex I (CI, NADH dehydrogenase) which catalyzes the reaction that converts
NADH to NAD+. This exergonic reaction has the capacity to do work: the hydrogen atom
(from NADH) is stripped of its electron and the H+ ion is pumped against its concentration
gradient from the matrix to the inter-membrane space. CI also catalyzes the first electron
transport reaction to reduce ubiquinol to ubiquinone, which is passed to complex III (CIII,
cytochrome C reductase). CIII pumps another proton across the membrane and passes an
electron to complex IV (CIV, cytochrome C oxidase). CIV pumps one last proton, and
passes the electron to the final acceptor, O2, which is reduced to water. Complex II (CII,
succinate dehydrogenase) does not pump protons, but it also passes electrons to CIII by
oxidizing succinate to fumarate, a reaction coupled with the oxidation of the reducing
equivalent FADH2. The potential energy of the proton motive force is used to drive the
reaction to produce ATP, catalyzed by complex V (CV, F1FO ATP synthase). ATP
molecules produced by mitochondria are exported for use throughout the cell.
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Figure 1: Diagrammatic representation of a mitochondrion highlighting a canonical
depiction of the electron transport system. Until recently, it was believed that the ETS
complexes existed independently in the IMM. Q refers to ubiquinone, and C refers to
cytochrome C.
Aside from ATP and heat, the ETS is also one of the major sites of ROS production in
cells. ROS are produced when electrons (mainly from CI and CIII) escape the ETS and
reduce O2 to the free radical superoxide. ROS have been implicated in some cell signaling
functions, but they are highly reactive, and excess ROS can damage proteins, DNA, and
lipids (reviewed in Checa and Aran 2020).

1.4
1.4.1

ETS Supercomplexes
Discovery

ETS complexes are comprised of 4 (complex II) to 44 (complex I) polypeptides
(reviewed in Vercellino and Sazanov 2021b), whose 4° structure is maintained within the
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IMM presumably by hydrophobic, electrostatic, and van der Waal’s forces. Each individual
complex is active when isolated from the IMM, so it was previously thought that a “fluid
state” model of the ETS was most appropriate (Höchli and Hackenbrock 1976). In this
model, complexes were free to diffuse throughout the IMM in two-dimensional space, but
the complexes were not physically associated with one another. The fluid state model may
have been supported because of prevailing experimental procedures. The ETS is embedded
in a phospholipid membrane of the IMM which must be solubilized with detergent so that
the complexes can be released for further study. For example, dodecyl-ꞵ-D-maltoside was
often used for extraction and yielded only individual ETS complexes with 4° structures
intact (e.g., Hatefi et al. 1962).
In contrast to this canonical view of the ETS, the pioneering work of Schägger and
Pfeiffer (2000) in mammals and Cruciat et al. (2000) in yeast revealed a different pattern.
Using gentle detergents for IMM solubilization—such as digitonin—and blue or clear
native gel electrophoresis, these studies revealed that ETS complexes often exist in
association with one another, i.e., they form supercomplexes (SCs). Since 2000, ETS SCs
have been widely described across diverse phyla, including mammals, invertebrates, yeast,
plants, and even in prokaryotes (for review, see Vercellino and Sazanov 2021b).

1.4.2

Stoichiometry and Diversity of Supercomplexes
Within mitochondria, including those of mammals, the largest supercomplex is

comprised of CI/CIII/CIV and called the “respirasome”, named for its ability to respire in
the absence of added ubiquinone or cytochrome C (Acin-Perez and Enriquez 2014, Figure
2). Smaller SCs composed of different stoichiometries of CIII/CIV also form in the IMM
(Schägger and Pfeiffer 2000, Figure 2). In mammalian mitochondria, 10% of CI, 50-60%
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of CIII and 70-80% of CIV has been demonstrated to be “free”—i.e., unassociated with a
SC (various sources, reviewed in Lobo-Jarne et al. 2020). Respirasomes appear to contain
90% of CI, 40-50% of CIII and 20-30% of CIV (Lobo-Jarne et al. 2020). The remaining 510% of CIII and 5-10% of CIV associate as smaller SCs (Lobo-Jarne et al. 2020).

Figure 2: Diagrammatic representation of the ETS with some examples of types of
supercomplexes. Shown are CI/CIII/CIV, “the respirasome” and CIII/CIV, a “smaller
supercomplex”, and CIII as a homodimer
Since their discovery, the structures of the mammalian respirasome (Letts et al. 2016) and
CIII/CIV SCs (Vercellino and Sazanov 2021a), yeast CIII2/CIV1/2 SCs (Hartley et al.
2019), plant respirasomes and smaller SCs (Eubel et al. 2003; Maldonado et al. 2021), and
even bacterial respirasomes (Hermann Schägger 2002) have all been elucidated. Rathore
et al. (2019) categorized non-covalent protein-protein interactions between individual
complexes within SCs, and the hydrophobic interactions between the supercomplex
proteins and the phospholipids within the IMM in yeast. Interestingly, these associations
were different from those in mammalian SCs, suggesting the emergence of SC formation
in diverse phyla is an example of convergent evolution (Rathore et al. 2019). Moreover,
the fact that a significant proportion of the total content of CI, CIII, and CIV are found
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within SCs across the kingdom Eukarya (reviewed in Lobo-Jarne et al. 2020) suggests that
supercomplexes are important for mitochondrial processes.
Most evidence suggests that neither CII nor CV participate in supercomplexes with
the other ETS complexes. In fact, CII was not associated with CI, CIII, or CIV in bovine
heart mitochondria when SCs were first categorized (Schägger and Pfeiffer 2000), nor have
CII-containing SCs been reported in other studies, including in human fibroblast
mitochondria (Moreno-Lastres et al. 2012). First described in yeast, Arnold et al. (1998)
showed that CV can be isolated as a stable homodimer. In mammalian (first described in
bovine and rat) mitochondria, CV forms homo-oligomers (Krause et al. 2005), but there is
no evidence that it forms SCs with other complexes.

1.4.3

Supercomplex Assembly
Many genes encoding ETS peptides are found within the nucleus, but at least one

peptide from each complex is encoded by a mitochondrial gene—aside from CII, whose
four subunits are all encoded by nuclear DNA (reviewed in Vercellino and Sazanov 2021b)
Supercomplexes form during the assembly of the ETS complexes themselves;
human cell lines missing one CIV subunit still showed SC formation with the remaining
subunits (Lobo-Jarne et al. 2020), and partial SCs were found in osteosarcoma‐derived cell
lines with a CI mutant missing the N-module subunit (Protasoni et al. 2020).
Lapuente-Brun et al. (2013) discovered a protein they named supercomplex
assembly factor 1 (SCAF1) that was required for CIII/CIV SC formation in mouse models.
SCAF1 seems to act as a protein “anchor” between CIII and CIV (Lapuente-Brun et al.
2013a). Interestingly, it appears that SCAF1 is not required for mammalian respirasome

8

(CI/CIII/CIV) formation (Vercellino and Sazanov 2021a), and is absent in yeast and plant
mitochondria (Vercellino and Sazanov 2021a). Little else is known about how
supercomplexes assemble, or if other assembly factor proteins are involved.
Mitochondria cristae have also been implicated in supercomplex assembly. ATPsynthase (CV) dimers localize especially in cristae, and their slightly “bent” shape results
in a curve in the IMM (Blum et al. 2019). When many CV dimers are in close proximity,
the cumulative effect results in the curve of the entire cristae, and spontaneously forming
CV dimers may be the first step in crista formation (Blum et al. 2019).

1.4.4

Physiological Significance of Supercomplexes
While the existence of supercomplexes in the IMM is undeniable, their functional

relevance is still debated. There are several proposed selective advantages for SCs,
including increasing the stability of individual complexes, substrate channeling, optimizing
respiration by improving the efficiency of electron transfer or respiratory capacity, and
protection against ROS formation.
Stability – The formation of SCs appears to increase the stability of individual complexes.
In human mitochondria, a CIII knock-out resulted in inhibition of SC formation and
subsequent degradation and loss of CI (Hermann Schägger et al. 2004). Likewise,
mutations in CIV can destabilize CI (Li et al. 2007), and mutations in CI can destabilize
CIII (Budde et al. 2000), presumably as a result of abnormal or absent SC formation.
Substrate channeling – It was believed for some time that CI/CIII SCs sequestered a
quinone pool that was oxidized and reduced in a replenishing closed-system cycle, i.e.,
substrates were “channeled” between the individual complexes within the SC (Lapuente-
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Brun et al. 2013b). However, subsequent studies using enzyme kinetic analysis showed
that the quinone pool was not separated into “within SC” and “outside SC” and flux control
analysis did not support a channeling hypothesis (Blaza et al. 2014). It appears, therefore,
that substrate channeling is not a viable selective advantage for supercomplexes.
Efficiency - Another proposed selective advantage of SCs is that they enhance the
efficiency of respiration, as defined by ATP produced per O2 consumed. Oxygen can be
consumed by reduction to water as the final step in electron transfer, or alternatively, by
forming superoxide. As much as 4% of O2 consumed goes to ROS in respiring
mitochondria (Nicholls and Ferguson 2002), but this percentage can be higher under
conditions of oxidative stress (Das and Roychoudhury 2014). ATP production decreases if
protons pumped into the IMS by the ETS can “leak” through the IMM into the matrix
without driving ATP synthesis, i.e., efficiency decreases. SC formation is thought to
decrease diffusion distances between ETS intermediates and substrates, even if they are
not channeled within SCs directly (Berndtsson et al. 2020). Theoretically, this should
decrease the number of protons lost by leak and improve efficiency.
Respiratory Capacity – Following induced heart failure in a canine model, mitochondrial
respiration was suppressed even though individual ETS complexes functioned normally,
perhaps due to defects in SC function (Rosca et al. 2008). These data indicate that perhaps
respiratory capacity is affected by the presence of supercomplexes. Greggio et al. (2017)
demonstrated enhanced supercomplex formation in human skeletal muscle following four
months of endurance exercise training, and proposed that SC formation is an adaptive
response to increased metabolic demand. Both the amount of individual complexes and the
relative amount of SCs increased following the training; CI, CIII2 and CIV were
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redistributed into SCs, and that SCs and mitochondrial respiration were positively
correlated (Greggio et al. 2017), perhaps indicating that supercomplexes enhance
mitochondrial respiratory capacity.
ROS Avoidance – Oxygen can be consumed in the absence of ATP production if electrons
are lost from ETS complexes to O2, forming superoxide, especially at CI or CIII. Physical
association of the complexes may streamline the ETS REDOX reactions, reducing this
electron loss (Maranzana et al. 2013). In fact, CI and CIII produce less ROS when they are
in SCs than when they are not (Lapuente-Brun et al. 2013a). Tissues with increased CI in
SCs also showed a significant negative correlation with ROS production; in human brain
tissue, neurons have more CI-containing SCs and less ROS production compared to
astrocytes with fewer CI-containing SCs (Lopez-Fabuel et al. 2016). One CI subunit
(NDUFAB1), when knocked out, resulted in decreased SC formation and increased CIrelated ROS production in mice (Hou et al. 2019). When the subunit was upregulated, there
was less ROS production and increased protection from ischemia-reperfusion injury,
thought to be related to oxidative damage (Hou et al. 2019).

1.4.5

Supercomplex Stability
Non-bilayer forming phospholipids, such as cardiolipin (CL), have direct effects on

the formation (McKenzie et al. 2006) and stability (Pfeiffer et al. 2003) of supercomplexes.
For example, Barth Syndrome sufferers are deficient in CL, have more free CIV but fewer
respirasomes, and experience symptoms related to mitochondrial deficiency (Schlame and
Ren 2006; Barth et al. 2004). Another phospholipid that affects supercomplex stability is
phosphatidylethanolamine (PE), which is required for mitochondrial respiration and
maintenance of membrane potential, but can destabilize SCs (Böttinger et al. 2012).
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Evidence shows that a precise balance of CL and PE is required for normal SC and ETS
function (Böttinger et al. 2012).
Bundgaard et al. (2020) demonstrated that the stability of SCs differed among
vertebrate species; endotherms have less stable SCs than ectotherms. Unfortunately,
Bundgaard et al. did not quantify phospholipid composition. Nonetheless, the relationship
between SC stability and thermoregulatory strategy is intriguing when considering
mammalian hibernators, which are strict homeothermic endotherms in the summer, but
transition from low to high Tb throughout the winter. Although the dynamics of liver
mitochondrial phospholipids have been described in thirteen-lined ground squirrels
(Armstrong et al. 2011), to my knowledge, the stability of SCs in the mitochondria of
mammalian hibernators, and how it might change during hibernation, has not been
investigated. The current study is the first to present data pertaining to these research
interests.

1.5

Research Aims and Hypotheses

The overarching aim of my research was to determine if there are changes in ETS
supercomplex abundance or stability among a hibernator’s different metabolic phenotypes
(torpor, arousal, summer). Changes in supercomplexes may relate to changes in
mitochondrial function seen in hibernation (reviewed in Staples 2014).

1.5.1

Research Aim 1: Explore supercomplex dynamics among
hibernation conditions
I hypothesized that supercomplexes are dynamic, and the abundance and

composition of supercomplexes changes during hibernation in thirteen-lined ground
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squirrel mitochondria. I isolated mitochondria from brown adipose tissue, heart, and liver
of hibernating and summer ground squirrels and measured supercomplex abundance. I
characterized the types of supercomplexes that form and quantified the abundance of each.
I compared the distribution and abundance of supercomplexes among hibernation states
(IBE, torpor, and summer) and between seasons (winter, i.e., IBE and torpor combined,
and summer). The rationale for the seasonal comparison was that thirteen-lined ground
squirrels are obligate hibernators that have evolved a circannual endogenous rhythm, and
as a result of this seasonal pattern, most differences in genomic expression over a
hibernation cycle occur between seasons, regardless of Tb or arousal status (Grabek et al.
2019). Furthermore, both groups of winter animals (IBE and torpor) were exposed to the
same environmental conditions at time of sampling (Ta at 4℃).

1.5.2

Research Aim 2: Do supercomplexes affect mitochondrial
respiration?
I hypothesized that mitochondrial respiration rate (see Fig. 3, section 2.4) is related

to supercomplex abundance. The changes in mitochondrial respiration among different
thirteen-lined ground squirrel hibernation states (Muleme et al. 2006; Mathers et al. 2017;
Brown and Staples 2014) provided an opportunity for me to assess the effect of SCs on
respiratory capacity.

1.5.3

Research Aim 3: Comparing SC dynamics of hibernators with a
non-hibernator
I hypothesized that due to the differences in thermoregulatory strategy (i.e., strict

homeothermic endotherm vs. hibernator) non-hibernating rodents will have a different
distribution of ETS supercomplexes than a hibernator. Like ground squirrels, rats are small
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rodents, but they do not hibernate. Comparing the dynamics and abundance of rat
supercomplexes to ground squirrels provided more information on how different
thermoregulatory strategies relate to mitochondrial physiology.

1.5.4

Research Aim 4: Determining the stability of supercomplexes
Given the demonstrated pattern of differences in SC stability between endotherms

and ectotherms (Bundgaard et al. 2020), I predicted that the supercomplexes of ground
squirrels would be more stable than rat supercomplexes. To determine differences in the
stability of SCs among hibernation conditions, I solubilized ETS proteins using dodecylꞵ-D-maltoside, a detergent stronger than digitonin that disrupts unstable SCs (Bundgaard
et al. 2020) and compared SC abundance among groups.
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Materials and Methods

2

2.1

Animals

All protocols and procedures were approved by the University of Western Ontario
Animal Use Sub-committee (Protocol number: 2020-034:1, see appendix 1). We trapped
wild thirteen-lined ground squirrels (Ictidomys tridecemlineatus) in Carman, Manitoba
(49.5° N, 98.0° W) in the spring of 2020 and 2021 and transferred them to Western
University, London, Ontario (43.0° N, 81.3° W). Animals were housed individually in
shoebox-style cages (26.7 x 48.3 x 20.3 cm (height x length x width)) and were provided
with dried corn-cob bedding with crinkled paper for nesting material, as well as a PVCpipe tube (8 x 15 cm (diameter x length) for enclosure enrichment. Food (rat chow, 5P00,
LabDiet, St. Louis, MO, USA) and water were available during the summer months ad
libitum, with supplements (e.g., sunflower seeds, peanuts) offered weekly. Photoperiod
was matched to sunrise and sunset in Carman, Manitoba, and updated weekly. Ambient
temperature (Ta) was monitored daily and was kept at approximately 21℃ until hibernation
began. In late-October, the squirrels were moved to a cold room and Ta was dropped
incrementally by 2℃ daily from 21℃ until 4℃. When Ta reached this final temperature,
food was removed, and water replaced with HydroGels (Clear H2O, Westbrook, ME). This
final Ta was maintained for the duration of the hibernation season which ended in midMarch.
Adult common lab rats (Rattus norvegicus) were donated from the breeding colony at
the Schulich School of Medicine and Dentistry (Western University, Canada). Ta was
maintained at approximately 24℃, with a 12:12 hr light: dark cycle.
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2.2

Surgeries and Sampling

Several months before hibernation season, ground squirrels were anesthetized with 4%
isoflurane and, when they reached a surgical plane, body temperature transmitters (DSI,
TA-F10, New Brighton, MN, USA) were surgically implanted in the abdominal cavity
under aseptic conditions. These transmitters allow remote monitoring of core Tb; readings
were taken every 10 minutes from December until the day of tissue sampling. Core Tb was
used to determine hibernation condition: torpor (Tb approximately 4℃), or interbout
euthermia (IBE, Tb approximately 37℃).
IBE squirrels (N=8) were euthanized 3-4 hours post-spontaneous arousal (stable Tb
near 37℃), and torpid squirrels (N=9) were euthanized 4-5 days following torpor entrance
(stable Tb near 4℃). Summer squirrels (N=5) were euthanized following 4 months of
activity post-hibernation. We euthanized IBE and summer squirrels by intraperitoneal
pentobarbital (Euthanyl, 54 mg/100 g, approximately 0.5 mL) injection, and torpid
squirrels by cervical dislocation. Neither method of euthanasia is known to interfere with
mitochondrial respiration (Takaki et al. 1997; Overmyer et al. 2015). Brown adipose tissue
(BAT) and liver were sampled simultaneously from torpid and IBE squirrels in the winter
of 2020, and heart and liver in the winter of 2021. Rats (N=6) were obtained 5-10 minutes
post-euthanasia with a lethal dose of Euthanyl (54 mg/100 g, approximately 1 mL) and
sampled in the spring of 2021. Heart and liver from summer ground squirrels were sampled
in July 2021.
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2.3
2.3.1

Mitochondria Isolation
Liver

Liver mitochondria isolation was primarily performed by PhD student Brynne
Duffy while I concurrently isolated mitochondria from BAT (2020) or heart (2021) from
the same animal. Immediately after dissection, the whole liver was placed in ice-cold
homogenization buffer (HB, 250 mM sucrose, 1 mM EGTA, 10 mM HEPES, 10 g/L
bovine serum albumin (BSA), pH 7.4). The tissue was then minced and homogenized in a
chilled glass mortar using a loose-fitting Teflon pestle (0.127 mM clearance, about 10
passes, until homogenous). The homogenate was filtered through four layers of cheesecloth
and centrifuged at 1000 g for 10 minutes. The centrifuge was maintained at 4℃ for the
duration of the isolation protocol. Following the first spin, the superficial fat layer was
aspirated and discarded. The underlying supernatant (containing mitochondria) was filtered
through one layer of cheesecloth and centrifuged again at 1000 g, followed by aspiration
of the fat layer and filtration through one layer of cheesecloth. The supernatant was then
spun at 8700 g for 10 minutes, and the pellet (containing mitochondria) was resuspended
in HB-BSA (HB excluding BSA) and layered on top of a Percoll solution (Sigma-Aldrich)
density gradient. This gradient is composed of four 10 mL layers of 10, 18, 30, 70% (v/v)
Percoll in HB-BSA. The mitochondria-layered Percoll was spun at 13500 g for 35 minutes.
Following centrifugation, the mitochondria settled between 30 and 70% Percoll, the layers
above were aspirated off, and the layer below was removed using a transfer pipette. The
Percoll was washed from the mitochondrial fraction by three more spins at 8700 g, removal
of supernatant and resuspension of the pellet in HB-BSA. The final purified pellet containing
the mitochondria was resuspended in 1 mL HB-BSA and the mitochondrial protein
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concentration was determined using a Bradford assay (Bradford 1976) using BSA as a
protein standard (Bio-Rad). Aliquots (0.5 mg mitochondrial protein, 30-150µL) were
frozen at -80℃ and saved for gel analysis, while the remaining mitochondria were used for
high-resolution respirometry.

2.3.2

Brown Adipose Tissue
Axillary BAT mitochondria were isolated from IBE and torpid ground squirrels

(due to COVID-19 restrictions, I was not able to isolate BAT mitochondria from summer
squirrels in July 2020. Refer to appendix 4.) by differential centrifugation, using a protocol
adapted from McFarlane et al. (2017). Following dissection, BAT was briefly
(approximately 20 minutes, while in transit to the lab) deposited in ice-cold biopsy
preservation solution (BIOPS; 10 mM Ca-EGTA (0.1 µM free Ca2+), 20 mM imidazole,
20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM
phosphocreatine, pH 7.1) before transfer to ice-cold HB, mincing, and homogenization in
an ice-cold glass mortar with a loose-fitting Teflon pestle (about 25 passes, until
homogenous). The same centrifugation protocol was used to isolate BAT mitochondria as
liver (see section 2.3.1, above), with the exclusion of the Percoll purification, but with the
inclusion of an 800 g centrifugation instead of the initial 1000 g spins.

2.3.3

Heart

Heart mitochondria were isolated according to a protocol used by Brown et al. (2014)
using differential centrifugation. The whole heart was dissected and placed immediately
into ice-cold heart-specific homogenization buffer (HHB, 220 mM mannitol, 70 mM
sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4 at 4℃). The whole organ was minced and
homogenized in an ice-cold glass mortar with a loose-fitting Teflon pestle (about 20 passes,
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until homogenous), then a tight-fitting Teflon pestle (0.076 mM clearance, 1 pass), filtered
through one layer of cheesecloth, and spun at 1000 g for 10 minutes. All spins were
performed at 4℃. The pellet was discarded, and the supernatant (containing mitochondria)
was filtered through 1 layer of cheesecloth and spun again at 10000 g for 10 minutes. The
resultant supernatant was removed by aspiration and discarded, and the pellet (containing
unpurified mitochondria) was resuspended in HHB and spun again at 8700 g for 10
minutes. Finally, the purified mitochondrial pellet was resuspended in 1 mL HHB. The
concentration of mitochondrial protein was determined, and the aliquots made using the
same procedure as in liver (see section 2.3.1, above).

2.4

High-Resolution Respirometry

We used high-resolution respirometry to measure mitochondrial respiration (liver: N=4
IBE, N=4 torpor, N=5 summer; heart: N=4 IBE, N=4 torpor, N=2 summer (see COVID-19
Considerations, section 6.4 re: heart summer sample size)). We used an Oroboros
Oxygraph 2K (Oroboros Instruments, Austria) that uses Clark-type O2 electrodes.
Temperature was set to 37℃ and the chambers filled with 2 mL respiration media (MIRO5,
110 mM sucrose, 60 mM potassium lactobionate, 20 mM HEPES, 20 mM taurine, 10 mM
potassium phosphate, 3 mM magnesium chloride, 0.5 mM EGTA, 1% (w/v) BSA, pH 7.1
at 37℃). The oxygraph was air- and zero-oxygen-calibrated daily.
Following the Bradford assay, liver mitochondria (0.4 mg protein, 30-50 µL
mitochondrial suspension) were added to the chambers, and the chambers sealed. The
respiration rate was allowed to reach a steady state of oxygen consumption (state 1, Figure
3) before the following substrates were added: 1 mM malate, 1 mM pyruvate, and 6 mM
succinate. Respiration was allowed to stabilize again (state 2) and 0.2 mM ADP was added
19

to stimulate state 3 respiration. State 3 respiration with saturating amounts of substrate
simulates maximal respiration. After some time (approximately 10 minutes), when all the
ADP is consumed (converted into ATP), the mitochondria will enter state 4, or LEAK state.

Figure 3: Hypothetical oxygraph trace of mitochondrial respiration. “Mitos” refers to
addition of mitochondria. State 1 is “baseline” respiration with no addition of substrates or
ADP. State 2 is non-phosphorylating respiration, achieved by adding saturating amounts
of energetic substrates. State 3 is maximal, phosphorylating respiration, achieved by adding
saturating amounts of ADP. State 4 is achieved through the inhibition of CV by oligomycin
and is considered “leak” respiration. Top right-hand corner: diagrammatic representation
of the Oroboros Oxygraph 2K.
Immediately after isolation, heart mitochondria (0.2 mg protein, 30-50 µL) were added
to the chambers of the oxygraph and the respiratory states were assessed. After state 1 was
reached, I assessed state 2 by addition of the following substrates: 1 mM malate and 50µM
palmitoyl carnitine. When the respiration stabilized, 0.2 mM ADP was added to stimulate
phosphorylating (maximal) respiration (state 3). Complex V was then inhibited with 0.2
µg/ mL oligomycin to estimate LEAK respiration (state 4).
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2.5
2.5.1

2D Blue-Native/SDS PAGE and Western Blotting
Mitochondrial Protein Extraction

Mitochondrial membranes were solubilized and proteins extracted from thawed
mitochondrial aliquots by the addition of mitochondrial extraction buffer (0.75 mM
aminocaproic acid, 50 mM Bis Tris, pH 7) and 6 g/g protein of the detergent digitonin (25
µL of 1.2 g/L digitonin solution into approximately 150µL of extraction buffer +
mitochondrial suspension). Digitonin is a gentle, non-ionic detergent that disrupts lipidprotein interactions, but not protein-protein interactions. It solubilizes the IMM
phospholipids without causing denaturation or dissociation of supercomplexes (Bundgaard
et al. 2020). After mixing gently by pipetting up and down (3-5 times) and incubating under
gentle shaking (50rpm) on ice for 15 minutes, the mitochondria-buffer-detergent mixture
was centrifuged at 13000 g at 4℃ for 30 minutes. The supernatant containing the protein
extract was retained for electrophoresis. Some samples were solubilized using the stronger,
non-ionic detergent n-dodecyl-ꞵ-d-maltoside (Sigma-Aldrich) at a concentration of 3.5 g/g
protein for use in the SC stability analysis (see section 3.4, below).

2.5.2

Blue-Native PAGE
To determine supercomplex abundance, I separated the proteins extracted from the

mitochondria using non-denaturing blue-native polyacrylamide gel electrophoresis (BNPAGE). To visualize the proteins, 5 µL of Coomassie brilliant blue G-250 suspension
(0.75 mM aminocaproic acid, 5% (w/v) G-250) was added to the samples. Coomassie binds
to proteins, giving them a negative charge without changing the native conformation, and
this charge allows separation by PAGE. Sample buffer (200 mM Bis Tris, 40% glycerol
(v/v), 200 mM NaCl, pH 7.2) was added to bring the sample volume to 20 µg protein per
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10µL. NativePAGE™ 4-16% acrylamide gradient Bis-Tris gels (Invitrogen) were used to
separate proteins by molecular mass in their native state, and the gels were run in native
running buffer (500 mM Bis Tris, 500 mM Tricine, pH 7.2) for 90-120 minutes at a
constant current of 5 mA on ice.

2.5.3

Protein Staining
For protein visualization, the gels were stained with Coomassie stain solution (0.1%

(w/v) Coomassie R250, 10% (v/v) glacial acetic acid, 40% (v/v) methanol) under gentle
shaking for 40 minutes. The gel was then rinsed with ddH2O and de-stained using
approximately 70 mL de-staining solution (20% (v/v) methanol, 10% (v/v) glacial acetic
acid) overnight at room temperature. Knotted Kim-wipes placed in the container aided destaining by absorbing excess dye.

2.5.4

SDS PAGE
I used a second dimension of separation to identify specific protein complexes and

determine supercomplex dynamics and abundance. I cut individual lanes of BN-PAGE gels
using a razor blade and incubated each in a sealed 15 mL falcon tube containing
approximately 7 mL of denaturing solution (1% (v/v) β-mercaptoethanol, 1% (w/v) SDS)
under gentle shaking (50-100rpm) for 15 minutes at room-temperature to denature
supercomplexes and complexes into individual protein subunits. The tubes were then
heated in a 50℃-water bath for 3 minutes. To remove the denaturing solution, the gel strips
were rinsed 3-5 times with ddH2O. Finally, each gel strip was laid horizontally in a single
10% acrylamide Mini-PROTEAN® TGX™ Protein Gel (Bio-Rad). Precision Plus
Protein™ All Blue Pre-Stained Protein Standard (Bio-Rad) was used as a molecular mass
reference; 7µL was pipetted onto a small square of filter paper and inserted beside the BN-
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PAGE gel strip. The chamber and container were filled with running buffer (1.92 M
glycine, 250 mM tris, 1% (w/v) SDS), and the gel was run at a constant 50V for 10 minutes
to facilitate movement of the proteins into the SDS gel, and then at a constant 100V for 60
minutes.

2.5.5

Protein Identification through Western Blotting

After SDS PAGE, the proteins were transferred to a PVDF membrane (Bio-Rad) so
individual ETS subunits could be identified by Western blotting. The proteins were
transferred to the membrane by electrophoresis (100 V for 120 minutes) in ice-cold transfer
buffer (2M glycine, 250 mM tris base, 20% (v/v) methanol). Following transfer, the
membranes were washed 3 times for 5 minutes in tris-buffered saline with TWEEN-20
(TBST, 200 mM tris base, 1.43 M NaCl, 0.05% (v/v) TWEEN-20). The membranes were
blocked with 5% (v/v) BSA in TBST overnight (at least 18hr) under gentle shaking (50
rpm) at 4℃. After blocking, the membranes were washed 3 times for 5 minutes with
TBST. Then, the primary antibody (Total OXPHOS Rodent WB Antibody Cocktail,
AbCAM) was diluted to 1:1000 in TBST with 5% (w/v) BSA and 0.1% (w/v) sodium azide
(Sigma-Aldrich) and incubated with the membranes under gentle shaking overnight (at
least 16hr) at 4℃. The cocktail contains antibodies that bind to one subunit from each
protein complex in the ETS. The following morning, the primary antibody was removed,
and the membranes were washed 3 times in TBST for 10 minutes. The secondary antibody
(Donkey Anti-Mouse IgG H&L (HRP), AbCAM) was diluted 1:2000 in TBST and
incubated with the membranes for 1 hour under gentle shaking (50 rpm). The membranes
were then washed 3 times for 10 minutes with TBST. The membranes were then incubated
for 5 minutes with substrate/ECL (Bio-Rad) to produce a chemiluminescent reaction
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associated with the bound antibody-protein complex. Blots were imaged using a
ChemiTouch Doc imager (BioRad), and staining intensity of each band was quantified by
densitometric analysis, standardized to the total staining intensity of the entire blot using
ImageLab’s (BioRad) volume tools. Standardization was necessary as each blot was
variable in signal, though the same amount (20 µg) of protein was added to each. Stainfree gels contain a trihalo compound that binds covalently to all proteins on a gel and
fluoresces after photoactivation with UV light. This allows quantification of the total
amount of protein on the gel, allowing me to standardize individual bands internally for
each gel.

2.6

Statistical Analysis

All statistical modeling was performed using GraphPad Prism (version 5.00 for
Windows, GraphPad Software, San Diego, California USA). A p-value of less than 0.05
was considered significant. Grubb’s test was used to identify any outliers in the data. The
staining intensity of one torpid squirrel’s liver respirasome was a significant outlier
(P<0.05, Z=2.46) and this point was removed from the dataset. Likewise, the percent of
CIII as a dimer for one IBE squirrel’s heart mitochondria was a significant outlier (P<0.05,
Z=2.59) and this point was removed from the dataset. To fit the criteria for the statistical
models I used, I checked normality using D'Agostino-Pearson (omnibus K2) normality
tests. All the datasets were normal and followed a Gaussian distribution (P<0.05). I used
two-tailed, unpaired t-tests and one-way ANOVAs followed by Tukey’s post-hoc tests to
determine differences in supercomplex abundance or percent associations of CIII and CIV
among hibernation conditions or between species. Pearson’s correlations were performed
to determine potential relationships between SC abundance and state three respiration rate.
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I used two-way ANOVAs with repeated measures to determine the effects of
thermoregulatory strategy (e.g., IBE, torpor, summer, rat) and detergent strength on the
abundance of SCs. In the event of an interaction effect, I used paired t-tests to compare SC
abundance between weak and strong detergents.
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Results

3

3.1
3.1.1

Supercomplex Abundance and Dynamics
Supercomplex Characterization

I used the gentle, non-ionic detergent digitonin to extract mitochondrial proteins
and separated them using BN-PAGE (Figure 4).
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Figure 4: Representative blue-native PAGE gel displaying the solubilized proteins
extracted from isolated mitochondria from Ictidomys tridecemlineatus sampled
during either IBE, torpor, or summer in three different tissues: BAT (A.), liver (B.),
heart (C.). Proteins were separated under non-denaturing conditions on a gradient gel (416% acrylamide) and stained with Coomassie dye. Arrows on the left-hand side of the gels
indicate bands composed of proteins with a known molecular mass to serve as a reference,
and arrows on the right-hand side of the gels indicate probable supercomplexes based on
expected molecular mass (Respirasome (CI/CIII/CIV) ~ 1350 kDa, CV2 ~ 1200 kDa,
Smaller SCs (CIIIn/CIVn) ~ 430-660 kDa, CIII2 ~ 460 kDa). See COVID-19
Considerations, section 6.4 re: summer BAT.
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Several SCs were visible on the native gel after Coomassie staining. Two bands
with a molecular mass of over 1000 kDa were identified; these are larger than any
individual mitochondrial protein (ETS complex molecular mass in kDa: 880 CI, 600 CV,
460 CIII2, 200 CIV, 140 CII (Bundgaard et al. 2020)). These high-molecular mass bands
likely correspond to a CV dimer (approximately 1200 kDa), and the respirasome: CI/CIII12/CIV

(1350-1550 kDa). Other high-molecular mass bands appeared on the gel, and the

protein complexes that comprise these smaller supercomplexes (hereafter referred to as
“smaller/small SCs”) were elucidated in the second dimension, a denaturing separation by
SDS-PAGE (BAT: Figure 5, liver: Figure 6, heart: Figure 7).

Figure 5: Representative 2D BN-SDS PAGE western blots from isolated brown
adipose tissue mitochondria from I. tridecemlineatus sampled during either IBE (left),
torpor (right). Individual lanes from BN gels (similar to those in Figure 3) were cut and
placed horizontally on the SDS-PAGE gel. Example SC identification on IBE blot (A):
Solid line: respirasome, Dash-dot: CV, Short-dash: smaller SCs, dotted line: CII, Longdash: CIII homodimer. Left-hand numbers indicate molecular mass, letters on the top xaxis of the blots indicate supercomplex identification. Protein subunits were visualized
with an antibody cocktail that binds to one subunit from each ETS protein (in kDa, CV:
55, CIII: 48, CIV: 40, CII: 30, CI: 20). See COVID-19 Considerations, section 6.4 re:
summer BAT.
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Figure 6: Representative 2D BN-SDS PAGE western blots from isolated liver
mitochondria from I. tridecemlineatus sampled during either IBE (left), torpor
(right), or summer (bottom). Individual lanes from BN gels (similar to those in Figure 3)
were cut and placed horizontally on the SDS-PAGE gel. For example SC identification,
see BAT IBE blot in figure 4. Left-hand numbers indicate molecular mass, letters on the
top x-axis of the blots indicate supercomplex identification. Protein subunits were
visualized with an antibody cocktail that binds to one subunit from each ETS protein (in
kDa, CV: 55, CIII: 48, CIV: 40, CII: 30, CI: 20).
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Figure 7: Representative 2D BN-SDS PAGE western blots from isolated heart
mitochondria from I. tridecemlineatus sampled during either IBE (left), torpor
(right), or summer (bottom). Individual lanes from BN gels (similar to those in Figure 3)
were cut and placed horizontally on the SDS-PAGE gel. For example SC identification,
see BAT IBE blot in figure 4. Left-hand numbers indicate molecular mass, letters on the
top x-axis of the blots indicate supercomplex identification. Protein subunits were
visualized with an antibody cocktail that binds to one subunit from each ETS protein (in
kDa, CV: 55, CIII: 48, CIV: 40, CII: 30, CI: 20).
I initially characterized supercomplex distribution based on molecular mass of the
bands on the 2D gels. Complex II does not participate as a supercomplex and appeared on
the blot as two distinct bands with slightly different molecular masses (approximately 5
kDa difference), potentially due to post-translational modifications (Mathers and Staples
2019). CV appeared as several distinct bands, indicating that it exists as a monomer and
homo-oligomers composed of 2-3 monomers in the IMM. CI was exclusively associated
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with CIII and IV within the respirasome. I found several smaller supercomplexes
composed of complex III and IV only. The resolution of the blots did not allow
determination of the exact stoichiometry within these supercomplexes, but I can estimate
based on molecular mass that the smaller supercomplexes are composed of 1 or 2
monomers of CIII and CIV each (i.e., CIII2/CIV, CIII/CIV2, CIII2/CIV2). As they contain
the same two ETS complexes, I treated this group as a single supercomplex type in my
analysis (the small/smaller supercomplexes). CIII also appeared as a homodimer. These
general categories of ETS complex distribution were consistent across all tissue types and
hibernation conditions.

3.1.2

Supercomplex Quantification
I then quantified the ETS complexes using chemiluminescent band staining

intensity in the 2D gels, standardized to the total protein staining intensity on the entire
blot. In BAT mitochondria, the relative staining intensity of both the respirasome
(unpaired, two-tailed t-test, t5=0.24, P=0.82, Figure 8.A) and smaller supercomplexes
(unpaired, two-tailed t-test t5=1.61 P=0.18, Figure 8.A) did not differ significantly between
IBE and torpor.
In the liver, neither respirasome abundance (one-way ANOVA, F2,11= 0.28, P=0.16,
Figure 8.B) nor smaller supercomplex abundance (one-way ANOVA, F2,12= 2.77, P=0.10,
Figure 8.B) differed among hibernation conditions. To explore the possibility of seasonal
changes in supercomplex abundance, I compared the relative staining intensity between
winter (combining IBE and torpor) and summer SC abundance. Any differences in
abundance of the respirasome between winter and summer just failed to reach statistical
significance (unpaired, two-tailed t-test, t12=1.87, P=0.09, Figure 8.B). There were no
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differences in the abundance of the smaller SCs (unpaired, two-tailed t-test, t13=0.45,
P=0.66, Figure 8.B).
In heart mitochondria, there were no differences in the abundance of the
respirasome (one-way ANOVA, F2,9= 0.81, P=0.47) or small supercomplexes (one-way
ANOVA, F2,9= 1.30, P=0.32) among hibernation conditions (Figure 8.C). Likewise, there
were no differences in the abundance of the respirasome (unpaired, two-tailed t-test,
t10=0.93, P=0.38, Figure 8.C) or the smaller SCs (unpaired, two-tailed t-test, t10=0.66,
P=0.53, Figure 8.C) between seasons (winter vs. summer).
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Figure 8: Relative staining intensity of the respirasome and small supercomplexes in
mitochondria from I. tridecemlineatus sampled in IBE, torpor, or in the summer in
three tissues: BAT (A.), Liver (B.), Heart (C.). Band intensity was standardized to the
intensity of the entire blot. Data are means ± SE. BAT: N=3 for IBE and N=4 for torpor.
Liver: N=5. Heart: N=4.
I then focused specifically on the interactions of complex III and IV with the other
complexes by determining the percent of the total complex associated with each SC type.
CIII was associated with either the respirasome, smaller SCs, or with itself as a dimer. In
BAT, there were no differences in the abundance of dimeric CIII between the hibernation
states (unpaired, two-tailed t-test, t5=0.16, P=0.88, Figure 9.A). However, the percent of
CIII associated with the respirasome was 1.5-fold greater in IBE (13.0 ± 1.5% of total CIII)
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than torpor (8.5 ± 1.0%, unpaired, two-tailed t-test, t5=2.82, P<0.05, Figure 9.A).
Conversely, I found that the percent of total CIII associated with a smaller SC was higher
in torpor (67 ± 4.8%) than IBE (45 ± 3.6%, unpaired, two-tailed t-test, t5=3.42, P<0.05,
Figure 9.A). These data indicate that the SCs are dynamic, and the association of CIII
changes between hibernation states.
In liver, there were no differences in the percent of CIII associated with the
respirasome (one-way ANOVA, F2,12=3.31, P=0.07, Figure 9.B), the smaller SC
(F2,12=0.12, P=0.88, Figure 9.B), or as a dimer (F2,12=0.84, P=0.46, Figure 9.B) among
hibernation states. However, when I compared supercomplex abundance between seasons,
I found that the percent of CIII associated with the respirasome in the winter (6.2 ± 1.1%)
was significantly higher than in the summer (1.8 ± 0.7%, unpaired, two-tailed t-test,
t13=2.65, P<0.05, Figure 9.B). The percent of CIII associated with a smaller SC or as a
dimer did not change between seasons (unpaired, two-tailed t-tests, smaller SC: t13=0.51,
P=0.62; dimer: t13=1.402, P=0.18, Figure 9.B).
In heart mitochondria, the percent of CIII associated within the respirasome (oneway ANOVA, F2,9=0.21, P=0.81, Figure 9.C), the smaller SCs (F2,9=0.43, P=0.08, Figure
9.C), or as a dimer (F2,8=1.38, P=0.31 Figure 9.C) did not differ among hibernation
conditions. Additionally, the percent of CIII with the respirasome or as a dimer did not
change between seasons (unpaired, two-tailed t-tests, respirasome: t10=0.68, P=0.51,
dimer: t10=1.26, P=0.24, Figure 9.C), but the percent of CIII associated with a smaller SC
was lower in the winter (53.5 ± 5.3%) than it was in the summer (82.3 ± 11.7%, unpaired,
two-tailed t-test, t10=2.61, P<0.05, Figure 9.C).
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Figure 94: Percent of total CIII associated with either the respirasome, smaller SC,
or as a homodimer for I. tridecemlineatus sampled in either IBE, torpor, or summer
in three tissues: BAT (A), Liver (B), Heart (C). Data are means ± SE. BAT: N=3 for IBE
and N=4 for torpor; Liver: N=10 (N=5 each IBE and torpor) for winter and N=5 for
summer, Heart: N=8 (N=4 each IBE and torpor) for winter and N=4 for summer. # refers
to significant difference between hibernation states within each SC type, P<0.05, * refers
to significant difference between seasons, P<0.05.
CIV was associated with either the respirasome or a small SC. The percent of CIV
associated with each SC type among hibernation conditions or between seasons did not
change in any of the tissues (BAT: unpaired, two-tailed t-tests: respirasome: t5=1.17,
P=0.30; small SC: t5=1.242, P=0.27, Figure 10.A. Liver: respirasome: one-way ANOVA,
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F2,12= 1.94, P=0.19, unpaired, two-tailed t-test, t13=1.186, P=0.26,; small SC: one-way
ANOVA, F2,12= 0.46, P=0.64, unpaired, two-tailed t-test, t13=0.96, P=0.36, , Figure 10.B.
Heart: respirasome: one-way ANOVA, F2,9= 2.54, P=0.13, unpaired, two-tailed t-test,
t10=0.53, P=0.61,; small SC: one-way ANOVA, F2,9= 0.88, P=0.45, unpaired, two-tailed ttest, t10=0.45, P=0.66,. Figure 10.C).

Figure 50: Percent of CIV associated with either the respirasome or a smaller SC for
I. tridecemlineatus sampled in IBE, torpor, or summer. A: BAT, B: Liver, C: Heart.
Data are means ± SE. BAT: N=3 for IBE and N=4 for torpor; Liver: N= 5 for all groups,
Heart: N=4 for all groups.

37

3.2
Do Supercomplexes Affect Mitochondrial
Respiration?
3.2.1

Oxygraph Traces
To understand the potential effect of dynamic supercomplexes on mitochondrial

respiration rates, I measured state 3 respiration from freshly isolated mitochondria from the
heart and liver of squirrels for each hibernation condition and from rats (Figure 11). State
3 respiration is considered “maximal” respiration, and has been reported to differ among
hibernation states in the tissues I used (Brown and Staples 2014; Mathers et al. 2017).
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Figure 11: Representative oxygraph traces of isolated heart mitochondrial
respiration from an I. tridecemlineatus from each hibernation condition: A: IBE, B:
torpor, C: summer, and D: rat. “Mito” refers to addition of mitochondria (0.2 mg
mitochondrial protein). “Mal” refers to addition of 1 mM malate. “PC” refers to addition
of 50µM palmitoyl carnitine. “ADP” refers to addition of 0.2 mM adenosine diphosphate.
“Oligo” refers to addition of 0.05 mM oligomycin. S1-4 refer to respiratory states 1-4. State
1 is “baseline” respiration with no addition of substrates or ADP. State 2 is nonphosphorylating respiration, achieved by adding saturating substrates. State 3 is maximal,
phosphorylating respiration, achieved by adding saturating ADP. State 4 is estimated
through the inhibition of CV by oligomycin and is considered “leak” respiration.

3.2.2

Correlations Between State 3 Respiration and SC Abundance
In liver, there were no correlations between state 3 respiration and respirasome

abundance (P=0.17, Figure 12.A) or smaller supercomplex abundance (P=0.30, Figure
12.A). In heart, there were no correlations between state 3 respiration and respirasome
abundance (P= 0.14, Figure 12.B) or small SC abundance (P= 0.28, Figure 12.B).
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Figure 12: The relationship between state 3 respiration and the abundance of the
respirasome and small supercomplex in the liver (A.) and heart (B.) of I.
tridecemlineatus sampled in IBE (red circles), torpor (blue squares), or in the summer
(yellow triangles). Liver: N=4 for IBE, N=3 for torpor, N=5 for summer; Heart: N=4 for
IBE and torpor, N=2 for summer.

3.3
Changes in SC Dynamics between Thermoregulatory
Strategies.
To compare the SCs of a hibernator in different hibernation conditions, and with a nonhibernator, we isolated mitochondria from the liver and heart of rats. I extracted the ETS
proteins under non-denaturing conditions using the gentle non-ionic detergent digitonin
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and separated them by BN-PAGE on the same gels as samples from ground squirrels in
different hibernation states (Figure 13).

Figure 13: Blue-Native PAGE gel displaying non-denatured mitochondrial
membrane protein extracts taken from I. tridecemlineatus sampled during either IBE,
torpor, or summer, and one Rattus norvegicus in two tissues, liver (A.), and heart (B.).
ETS complexes were separated under non-denaturing conditions on a gradient gel (4-16%
acrylamide) and followed by staining with Coomassie dye. Arrows on the left-hand side of
the gel indicate reference molecular mass.
Several supercomplexes with molecular masses >1000 kDa were visible on the
native gel, and these were further separated by SDS PAGE and visualized via western
blotting (Figure 14).

41

Figure 14: Representative 2D BN-SDS PAGE western blots from isolated
mitochondria from Rattus norvegicus. A: Liver, B: Heart. Left-hand numbers indicate
molecular mass, letters on the top x-axis of the blots indicate supercomplex identification.
Protein subunits were visualized with an antibody cocktail that binds to one subunit from
each ETS protein (in kDa, CV: 55, CIII: 48, CIV: 40, CII: 30, CI: 20).
When I compared respirasome (CI/CIII/CIV) abundance in liver mitochondria, I
found that IBE squirrels had significantly more abundant respirasomes than rats (one-way
ANOVA, F(3,16)=4.59, P<0.05, Tukey’s post hoc test: P<0.05, 95% C.I. = [0.0088 to 0.086],
Figure 15.A). Respirasome abundance did not differ among ground squirrel hibernation
conditions or Tb at time of sampling (torpor vs. IBE and summer, see Figure 10, above),
so I combined ground squirrel data from all seasons and compared respirasome abundance
between the two species. I found that respirasome abundance was 50% higher in squirrels
than rats (unpaired, two-tailed t-test, t18=2.66, P<0.05, Figure 15.A). Smaller SCs were
more abundant in torpid squirrels’ liver mitochondria than in the same tissue from rats
(one-way ANOVA, F3,17= 3.722, P<0.05, Tukey’s Post hoc test: P<0.05, 95% C.I. = [0.02,
0.30], Figure 15.A). Indeed, in the species comparison, smaller SCs were more abundant
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in squirrels than they were in rats (~30% higher, unpaired, two-tailed t-test, t19=2.86,
P<0.01, Figure 15.A).
In heart mitochondria, respirasomes were significantly more abundant in squirrels,
regardless of hibernation state, than they were in rats (one-way ANOVA, F(3,12)=9.656,
P<0.01, Tukey’s post-hoc tests: rat vs. IBE: P<0.01, 95% C.I. = [0.02 0.14]; rat vs. torpor:
P<0.01, 95% C.I. = [0.04, 0.16]; rat vs. summer: P<0.05, 95% C.I. = [0.01, 0.13], Figure
15.B). Indeed, in the species comparison, ground squirrels had more abundant respirasomes
than rats had (~80% more, unpaired, two-tailed t-test, t11=4.54, P<0.001, Figure 15.B).
Torpid squirrels had significantly more abundant smaller SCs than rats had (~70% more,
one-way ANOVA, F3,12=6.6, P<0.01, Tukey’s post hoc test: torpor vs. rat: P<0.05, 95%
C.I. = [0.06, 0.34] Figure 15.B).
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Figure 15: Relative staining intensity of the respirasome and smaller supercomplexes
in isolated mitochondria from I. tridecemlineatus and R. norvegicus in two tissues:
liver (A.) and heart (B.). Liver: N=5 for squirrels and N=6 for rats. Heart: N=4 for all
groups. Data are means ± SE. Asterisks indicate significant difference between groups, *
refers to P<0.05, ** refers to P<0.01, *** refers to P<0.001. Different letters indicate
significant difference among groups within each SC type, P<0.05.
In liver, the percent of CIII associated with the respirasome was lower in all
hibernation conditions compared with rats (one-way ANOVA, F(3,17)=12.17, P<0.001,
Tukey’s post-hoc tests: IBE vs. rat: P<0.01, 95% C.I. = [-20.0, -3.9], torpor vs. rat: P<0.01,
95% C.I. = [-19.4, -3.3], summer vs. rat: P<0.001, 95% C.I. = [8.0, 24.1], Figure 16.A).
Indeed, in the species comparison, squirrels had significantly less CIII associated with the
respirasome (8.9 ± 2.7%) than rats (15.7 ± 2.1%, unpaired, two-tailed t-test, t14=2.14,
P<0.05, Figure 16.A). The percent of CIII associated with the smaller SCs did not differ
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among hibernation conditions and rats (one-way ANOVA, F3,17=1.08, P=0.39, Figure
16.A), nor were there differences between the two species (unpaired, two-tailed t-test,
t19=1.81, P=0.09, Figure 16.A). Likewise, the percent of CIII as a dimer did not differ
among hibernation conditions and rats (one-way ANOVA, F3,17=1.28, P=0.31, Figure
16.A), nor between species (unpaired, two-tailed t-test, t19=1.16, P=0.26, Figure 16.A).
In heart mitochondria, the percent of CIII associated with the respirasome did not
differ among hibernation conditions and rats (one-way ANOVA, F3,12=1.52, P=0.26,
Figure 16.B), but between species, the percent of CIII associated with the respirasome was
significantly higher in rats (15.7 ± 2.2%) compared to squirrels (8.9 ± 1.7%, unpaired, twotailed t-test, t14=2.14, P<0.05, Figure 16.B). The percent of CIII associated with the smaller
SCs or as a dimer in heart did not differ among hibernation conditions and rats (one-way
ANOVAs, smaller SC: F2,12=2.38, P=0.12, dimer: F3,11=1.31, P=0.32, Figure 16.B), nor
were there differences between species (unpaired, two-tailed t-tests, smaller SC: t14=0.34,
P=0.74; dimer: t13=0.97, P=0.35, Figure 16.B).
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Figure 16: Percent of total CIII associated with the respirasome, a smaller SC, or as
a dimer in isolated mitochondria from I. tridecemlineatus sampled in either IBE,
torpor, or the summer and R. norvegicus in two tissues: liver (A.) and heart (B.). Liver:
N=5 for squirrels and N=6 for rats. Data are means ± SE. Heart: N=4 for all groups.
Asterisks indicate significant difference between groups, * refers to P<0.05. Different
letters indicate significant difference among groups within each SC type, P<0.05.
In liver mitochondria, the percent of CIV associated with the respirasome was
significantly lower in rats (2.0 ± 0.7%) than it was in squirrels of all hibernation states (oneway ANOVA, F3,17=25.9, P<0.0001, Tukey’s post-hoc test, IBE (17.4 ± 2.3%) vs. rat:
P<0.001, 95% C.I. = [8.5, 22.4], torpor (21.9 ± 1.9% vs. rat: P<0.001, 95% C.I. = [13.0,
26.9], summer (16.5 ± 2.1%) vs. rat: P<0.001, 95% C.I. = [-21.4, -7.5], Figure 17.A).
Between the two species, rats had significantly less CIV associated with the respirasome
(2.0 ± 0.7%) than squirrels had (18.6 ± 1.3%, unpaired, two-tailed t-test, t19=7.9, P<0.001,
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Figure 17.A). The percent of CIV associated with the smaller SCs in liver mitochondria
was higher in rats (91.4 ± 3.3%) than it was in IBE squirrels (75.1 ± 4.7%, one-way
ANOVA, F3,17=3.46, P<0.05, Tukey’s post-hoc test: P<0.05, 95% C.I. = [-32.5, -0.18],
Figure 17.A). Between species, the percent of CIV associated with the smaller SCs was
higher in rats (91.4 ± 3.3%) than squirrels (77.6 ± 2.4%, unpaired, two-tailed t-test,
t19=3.15, P<0.01, Figure 17.A).
In heart mitochondria, the percent of CIV associated with the respirasome was
significantly higher in torpid squirrels (20.0 ± 1.2%) than it was in rats (9.8 ± 1.7%, one
way ANOVA, F3,12=5.27, P<0.05, Tukey’s post-hoc test: P<0.01, 95% C.I. = [2.5,17.9],
Figure 17.B). Between species, squirrel heart mitochondria had more CIV associated with
the respirasome than rats had (~40% higher, unpaired, two-tailed t-test, t14=2.90, P<0.05,
Figure 17.B). The percent of CIV associated with a smaller SC did not differ among
hibernation conditions and rats (one-way ANOVA, F3,12=0.72, P=0.56, Figure 17.B), nor
between species (unpaired, two-tailed t-test, t14=0.56, P=0.59, Figure 17.B).
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Figure 176: Percent of total CIV associated with either the respirasome or a smaller
SC in isolated mitochondria from I. tridecemlineatus sampled in IBE, torpor, or the
summer, and R. norvegicus in two tissues: liver (A.) and heart (B.). Data are means ±
SE. Liver: N=5 for squirrels and N=6 for rats. Heart: N=4 for all groups. Asterisks indicate
significant difference between groups, * refers to P<0.05, ** refers to P<0.01, *** refers
to P<0.001. Different letters indicate significant difference among groups within each SC
type, P<0.05

3.4

Stability of Supercomplexes

To assess the stability of the respirasome and smaller SCs among thermoregulatory
conditions and species (IBE, torpor, summer, and rats), I extracted the ETS complexes
from mitochondria using either digitonin or the stronger detergent, DDM, and separated
the proteins in their non-denatured state on a blue-native gel (Figure 18).
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Figure 18: Representative blue-native gel with isolated liver mitochondrial proteins
from an I. tridecemlineatus sampled in IBE, torpor, or summer, or from a rat (R.
norvegicus), and solubilized with either the gentle detergent, digitonin (Dig., 6 g/g
protein) or the stronger detergent, DDM (3.5 g/g protein). ETS complexes were
separated under non-denaturing conditions on a gradient gel (4-16% acrylamide) and
stained with Coomassie dye.
Next, I cut out one lane from each thermoregulatory condition and detergent type,
and further separated proteins under denaturing conditions, then visualized the complexes
using a western blot (Figure 19).
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Figure 19: Representative 2D BN-SDS PAGE western blots from liver isolated
mitochondria from three individuals (I. tridecemlineatus), one sampled during IBE
(top), one during torpor (upper middle), and one during summer (lower middle) and
from one rat (R. norvegicus, bottom). The left-hand column shows the western blot
images after ETS complexes were extracted with the gentle detergent, digitonin. The righthand column shows the western blot images from the same individual, complexes extracted
this time with the stronger detergent n-dodecyl-ꞵ-d-maltoside (DDM).
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I analyzed the effect of detergent strength and thermoregulatory condition on the
abundance of different types of supercomplexes using two-way ANOVAs with repeated
measures followed by Bonferroni’s post-hoc tests and looked for interaction effects
between detergent strength and thermoregulatory condition. There was a significant effect
of detergent strength (F1,8=20.01, P<0.01, Figure 20.A), but no effect of thermoregulatory
condition on respirasome abundance (F3,8=0.96, P=0.45, Figure 20.A). There was a
significant interaction effect between thermoregulatory condition and detergent strength
for the smaller SCs (F3,8=9.55, P<0.01, Figure 20.B).
Since there was an interaction between detergent strength and thermoregulatory
condition for smaller SCs, I performed paired t-tests within each thermoregulatory
condition to determine if solubilization with the stronger detergent affected smaller SCs.
The abundance of the smaller SC increased (by 150%) when mitochondrial membrane
proteins were solubilized with the stronger detergent in IBE squirrels (t2=6.78, P<0.05) but
there was no change in torpid squirrels (t2=0.48, P=0.68). In both summer and rat
mitochondria, there was a slight, but insignificant increase in smaller SCs after
solubilization with DDM (summer: t2=3.19, P=0.09; rat: t2=3.17, P=0.09). These data
indicate that SCs of IBE animals are less stable than those of torpid animals. It appears that
the summer and rat SCs are more stable than IBE SCs, but trends suggest that torpor SCs
are more stable still.
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Figure 70: Relative staining intensity of the respirasome (A.) and the smaller SCs (B.)
when IMM proteins of I. tridecemlineatus and R. norvegicus liver mitochondria were
solubilized with either the gentle detergent, digitonin (6 g/g protein) or the stronger
detergent, n-dodecyl-ꞵ-d-maltoside (3.5 g/g protein). Data are means ± SE. N=3 for all
groups. Asterisks indicate significant effect of detergent strength on SC abundance, **
refers to P<0.01. # refers to significant difference in SC abundance between detergents
(P<0.05), colour of symbol indicates hibernation condition (IBE: red, torpor: blue,
summer: yellow, rat: grey)
Next, I analyzed the change in the percent of CIII associated with the respirasome,
a smaller SC, or as a dimer when IMM proteins were solubilized with either the gentle or
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strong detergent. There was a significant interaction effect between detergent strength and
thermoregulatory condition for the percent of CIII associated with the respirasome
(F3,8=23.19, P<0.001, Figure 21.A). Neither detergent strength (F1,8=1.55, P=0.25, Figure
21.B) nor thermoregulatory condition (F3,8=1.28, P=0.35, Figure 21.B) affected the
percent of CIII associated with a smaller SC. There was a significant interaction effect
between detergent strength and thermoregulatory condition for CIII as a dimer (F3,8=5.4,
P<0.05, Figure 21.C).
Since there was a significant interaction effect between thermoregulatory condition
and detergent strength for CIII associated with the respirasome and CIII as a dimer, I
preformed paired t-tests to determine if solubilization with the stronger detergent resulted
in a change in CIII association for any of the thermoregulatory conditions. I found that the
percent of complex III associated with a respirasome did not change when IMM proteins
were solubilized with the stronger detergent for any of the squirrel groups (IBE: t 2=3.55,
P=0.07; torpor: t2=3.02, P=0.09; summer: t2=2.07, P=0.17), but for rats, CIII associated
with a respirasome was significantly reduced when mitochondria were solubilized with the
stronger detergent (by ~98%: 22 ± 1.8% to 0.43 ± 0.4%, t2=11.51, P<0.01). There were no
changes in the percent of CIII as a dimer when IMM proteins were solubilized with the
gentle or stronger detergent for torpid and IBE squirrels and rats, (IBE: t2=2.46, P=0.13;
torpor: t2=1.43, P=0.29, rat: t2=0.53, P=0.65), but there was a ~50% increase in the percent
of dimeric CIII in summer ground squirrels when IMM proteins were extracted with the
stronger detergent (12.6 ± 2% to 26.0 ± 2.0%, t2=5.00, P<0.05), indicating that ground
squirrel ETS supercomplexes are less stable in the summer season compared to during
hibernation.
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Figure 81: Percent of CIII associated with the respirasome (A.), the smaller SCs (B.),
or as a dimer (C.) when the IMM proteins of I. tridecemlineatus and R. norvegicus
liver mitochondria were solubilized with either the gentle detergent, digitonin (6 g/g
protein) or the stronger detergent, n-dodecyl-ꞵ-d-maltoside (3.5 g/g protein). Data are
means ± SE. N=3 for all groups. # refers to significant difference in SC abundance between
detergents (#: P<0.05, ##: P<0.01), colour of symbol indicates hibernation condition (IBE:
red, torpor: blue, summer: yellow, rat: grey)
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Next, I analyzed the change in the percent of CIV associated with the respirasome
or a smaller SC when IMM proteins were solubilized with either the gentle or stronger
detergent. There was a significant interaction effect between detergent strength and
thermoregulatory condition for the percent of CIV associated with a respirasome (F3,8=
15.08, P<0.01 Figure 22.A). There was a significant effect of detergent strength on the
percent of CIV associated with a smaller SC (F1,8=27.31, P<0.001, Figure 22.B), but no
effect of thermoregulatory condition (F3,8=0.98, P=0.45, Figure 22.B).
Since there was an interaction effect between detergent strength and
thermoregulatory condition for the percent of CIV associated with a respirasome, I
performed paired t-tests to determine which thermoregulatory conditions resulted in a
change in CIV association when solubilized with the different detergents. I found that the
percent of CIV associated with a respirasome was significantly decreased in IBE (19 ± 3%
to 0.1 ± 0.01%, t2=6.68, P<0.05), torpor (19.4 ± 1.4% to 0%, t2=13.97, P<0.01), and
summer (18 ± 3.3% to 0.2 ± 0.01%, t2=5.61, P<0.05). The percent of CIV was unchanged
in rats, as so little of CIV was associated with a respirasome even when solubilized using
the gentle detergent (1.5 ± 0.6%, t2=2.46, P=0.13).
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Figure 22: Percent of CIV associated with the respirasome (A.), or a smaller SC (B.)
when liver IMM proteins of I. tridecemlineatus and R. norvegicus were solubilized
with either the gentle detergent, digitonin (6 g/g protein) or the stronger detergent,
DDM (3.5 g/g protein). Data are means ± SE. N=3 for all groups. Asterisks indicate
significant effect of detergent strength on % of total CIV with each SC, *** refers to
P<0.001. # refers to significant difference in SC abundance between detergents (#: P<0.05,
##: P<0.01), colour of symbol indicates hibernation condition (IBE: red, torpor: blue,
summer: yellow, rat: grey).
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4

Discussion
I have demonstrated that supercomplexes are dynamic and change as metabolic states

and season changes in a hibernator. While the overall abundance of the respirasome and
CIII/CIV supercomplexes were similar among hibernation conditions, the associations of
CIII did change. Specifically, the distribution of CIII associated with different
supercomplex types changed between hibernation states (in brown adipose tissue) and
between seasons (in liver and heart). There was no correlation between supercomplex
abundance and state three respiration. I showed that a non-hibernating rodent of similar
size to ground squirrels differed in the abundance and distribution of supercomplexes, and
these differences were not due to ambient temperature or body temperature of the ground
squirrel. The supercomplexes of torpid squirrels were more stable than those of squirrels
in other hibernation states and rats. The research I present here in dynamics and stability
changes in electron transport system supercomplexes is one more piece to the puzzle of
how metabolism changes during hibernation.

4.1
Supercomplex dynamics and abundance in a
hibernator
I examined supercomplex abundance and distribution in brown adipose tissue, liver,
and heart mitochondria isolated from thirteen-lined ground squirrels in the hibernation
season, and during the summer. I found that complex II did not participate in any
supercomplex arrangement, consistent with the findings of several other studies (Schägger
and Pfeiffer 2000; Eubel et al. 2003; Lapuente-Brun et al. 2013, Moreno-Lastres et al.
2012). There are some possible reasons that CII does not participate in SCs. Perhaps CII’s
structure prevents it from associating with the other complexes: CII has a unique protruding
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matrix-side subunit (Sun et al. 2005). By contrast, Guo et al. (2017) reported a
megacomplex (CI2/CII2/CIII2/CIV2) containing CII using cryo-electron microscopy. It is
possible, therefore, that CII does participate in SCs, but the extraction protocols that I
used—the gentlest recommended in the literature—cause CII-containing SCs to dissociate.
While it might be interesting to explore this possibility, it would require more time and
resources than available for my project. Interestingly, CII appeared as two distinct bands
on my blots with <5 kDa difference in mass between them. This is perhaps due to posttranslational modifications. CII is composed of four subunits, and they each have sites for
post translational modifications (Bezawork-Geleta et al. 2017). CII is known to be
differentially phosphorylated between torpor and IBE: there was greater phosphorylation
of the flavoprotein subunit of CII in IBE (Mathers and Staples 2019). Each phosphate group
adds ~0.8 kDa to the protein’s molecular mass (Breitkopf and Asara 2012), so it is
reasonable to conclude that the difference in mass I observed was due to this modification.
I also found that CII appeared on the blots at a higher molecular mass than expected in both
squirrels and rats. Mammalian CII has a reported molecular mass of approximately 140
kDa, but the CII I isolated was somewhere between 450 and 650 kDa. Kovářová et al.
(2013) first reported a high-molecular mass form of CII resolved by native electrophoresis
in mammals, indicating that CII was forming oligomers (containing up to 7 monomers)
that were unassociated with other ETS complexes.
I found that CV appeared as a monomer, dimer, and a trimer, but did not associate with
other ETS complexes. This finding is consistent with other studies: when SCs were first
described in mammals and yeast, CV did not form a SC (Schägger and Pfeiffer 2000). In
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yeast, CV forms a stable homodimer (Arnold et al. 1998), and it forms homo-oligomers in
mammalian mitochondria (Krause et al. 2005).
I found supercomplexes in each tissue and hibernation condition I examined. The
respirasome (CI/CIII/CV), was present in all tissues and hibernation conditions, consistent
with other studies in mammals and yeast (Schägger and Pfeiffer 2000), plants (Eubel et al.
2003), and bacteria (Schägger 2002). CI was exclusively associated with the respirasome
in ground squirrel BAT, heart, and liver mitochondria; there was no free CI. This finding
is consistent with studies performed in mouse heart mitochondria (Vercellino and Sazanov
2021a) and human skeletal muscle mitochondria (over 95% of CI in the respirasome,
Greggio et al. 2017).
There were also several combinations of smaller supercomplexes composed of CIII and
CIV. Given the resolution of the western blot protocol I used here, I estimate that the
stoichiometry of these complexes are CIII/CIV2, CIII2/CIV, and CIII2/CIV2. This
supercomplex organization is also found in animals, plants, and bacteria (Eubel et al. 2003;
Schägger 2002; Schägger and Pfeiffer 2000). I also found CIII as a homodimer, like in
mouse heart mitochondria (Vercellino and Sazanov 2021a). I saw that all CIV was
associated with a respirasome or a smaller SC; there was no complex IV in a free form.
This finding is somewhat surprising, as only 19% of CIV was found in any SCs in human
skeletal muscle (Greggio et al. 2017), and Lobo-Jarne et al. (2018) report 20-30% of CIV
in an SC in mitochondria isolated from human cell culture (143B cells). I expect some of
the reason for this difference is methodological. Greggio et al. (2017) used a digitonin
concentration of 8 g/g protein, whereas I used 6 g/g protein. A higher concentration of
detergent might cause dissociation of unstable supercomplexes resulting in more free CIII
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and CIV (Bundgaard et al. 2020). I also used 2D-PAGE to identify the complexes, whereas
some studies use BN-PAGE then liquid chromatography and mass-spectrometry to identify
complexes in each individual band (methods described in Heide et al. 2012). 2D-PAGE
and western blotting allowed me to visualize the distribution of the SCs more quickly and
cost-efficiently and examine many sample groups and replicates. Unfortunately, my
approach decreased my ability to determine the exact stoichiometry and proportion of the
complexes in each SC type. As a result, I do not attempt to compare specific percentages
with other studies but describe general findings and draw conclusions based on internal
differences.

4.2
Differences in supercomplex distribution among
hibernation conditions
My first hypothesis was supported: there were differences in ETS supercomplex
dynamics among hibernation conditions. In liver, there were relatively more abundant
smaller supercomplexes in torpor than in IBE (P<0.01, see appendix 3), but when
compared with summer, any differences did not reach statistical significance. I found
differences among hibernation conditions and between seasons in the percent of total CIII
between hibernation conditions and seasons.
My data led me to infer that, in BAT, there is a redistribution of complex III from one
SC type to another, realized perhaps within a period of hours during hibernation. There
was a higher percent of total CIII was associated with a respirasome in IBE (13%)
compared to torpor (9%), and vice versa in the smaller SC (IBE: 45%, torpor: 67%). The
arousal to IBE from torpor occurs over a period of 2- 3-hours of active rewarming, and
squirrels undergo arousal/entrance cycles every 5-12 days for 6 months (in captivity, when
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food is abundant, MacCannell and Staples 2021). Thus, I can infer that the supercomplexes
are distributed in one arrangement during IBE and another in torpor, dynamically
transitioning between the two. Redistribution of complex III might play a role in
suppression of mitochondrial respiration during hibernation. Hibernators depend on nonshivering thermogenesis to facilitate rewarming and arousal, mediated mostly by BAT. It
is possible that the changes in CIII association between IBE and torpor in BAT
mitochondria are related to the changes in this metabolic demand. Perhaps more CI-CIII
association in the respirasome aids in heat generation.
In liver and heart, CIII associations between seasons changed significantly. In liver,
mitochondria isolated from winter animals (IBE and torpor) showed a higher percent of
CIII in the respirasome (6%) than in summer (2%). In heart, there was a significantly higher
percent of CIII associated with smaller SCs in the summer (82%) than in the winter (53%).
Greggio et al. (2017) reported redistribution of free CIII and CIV into SCs after four months
of endurance exercise training in human skeletal muscle mitochondria, similar to my
seasonal comparisons in heart and liver mitochondria. For reasons unknown, human
endurance training and rodent hibernation produce similar ETS supercomplex phenotypes.
It is possible that changes in complex III’s association reflect the changes in metabolic
demand hibernators experience over the winter.
It is not clear what signals or mechanisms may underlie the dynamic shift of CIII from
one supercomplex to another. Calvo et al. (2020) proposed the “plasticity model” for
supercomplex dynamics. Based on SCAF1- (assembly factor required for CIII/CIV SCs)
knockout models, they hypothesized that ETS complexes are in equilibrium between free
and SC state and this equilibrium depends on the electron source. As fatty acids are the
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primary fuel source during fasting, they suggest that CI-containing SCs will be reduced so
CIII/CIV SCs and free CIII2 are more available to accept electrons from CII, the primary
source of electrons derived from the FADH2 produced during ꞵ-oxidation (Calvo et al.
2020; Lapuente-Brun et al. 2013a). Ground squirrels typically do not eat during
hibernation, and use primarily ꞵ-oxidation of fatty acids as metabolic fuel (Carey et al.
2003), especially during arousal and IBE. My data showed that the percent of CIII in the
respirasome was increased in winter (liver) and increased in CIII/CIV SCs in the summer
(heart), the opposite of what might be expected based on Calvo’s hypothesis. There are
likely many more factors that play a role in determining SC distribution during hibernation
cycles.
Another potential regulator of SC dynamics are post-translational modifications
(PTMs). The ETS complexes have multiple sites for PTMs, and these sites are subject to
modification by such processes as phosphorylation, acylation, acetylation, and
succinylation (reviewed in Stram and Payne 2016). Recent work in thirteen-lined ground
squirrel mitochondria showed differential post-translational modifications of the ETS
complexes between IBE and torpor (Mathers and Staples 2019). There is not, to my
knowledge, any data yet pertaining to how PTMs are related to SC formation or activity,
but it is reasonable to assume that PTMs might affect how complexes interact within SCs
as PTMs can facilitate or prevent protein-protein interactions (reviewed in Duan and
Walther 2015). For example, the PTMs associated with ground squirrel mitochondria
change the isoelectric point of mitochondrial proteins (Mathers and Staples 2019),
potentially changing protein interactions within supercomplexes. My data implicate
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supercomplexes in the physiological changes seen in mitochondria during hibernation, so
these avenues are well worth exploring together.

4.3
Does supercomplex abundance affect
mitochondrial respiration?
My second hypothesis was not supported: supercomplex abundance did not correlate
with mitochondrial respiration. This finding is puzzling because one hypothesized selective
advantage of supercomplexes is to increase respiratory capacity. Greggio et al. (2017)
found increased mitochondrial respiration with increasing ETS supercomplex content in
their endurance study, contrary to what I found. However, the quantity of individual ETS
complexes also increased in that study, whereas in hibernating ground squirrels, neither
mitochondrial nor ETS protein content changes between torpor and IBE (Mathers et al.
2017); indeed, protein translation is inhibited during torpor (Frerichs et al. 1998). The
increased mitochondrial respiration observed by Greggio et al. (2017) could be the result
of both increased ETS protein content and supercomplex abundance.

4.4
Supercomplex dynamics and abundance in
different thermoregulatory strategies
There was a higher abundance of respirasomes and smaller supercomplexes in ground
squirrel heart and liver mitochondria than in rat mitochondria overall. When I examined
the percent of CIII associated with a respirasome in each species, rats had a significantly
higher percent of CIII within a respirasome than squirrels in both heart (15% vs. 9%,
respectively) and liver (15% vs. 9%, respectively). As for CIV associations, rats had almost
no CIV associated with the respirasome in liver (1.5%), slightly more in heart (10%), but
significantly less than ground squirrels (liver: 19%, heart: 17%). Indeed, in liver, rats had
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significantly more CIV in smaller SCs than ground squirrels had (91% vs. 78%,
respectively). These results demonstrate that two rodents of similar size and metabolic rate
(when active) have remarkably different ETS supercomplex distribution, perhaps due to
the stark differences in their thermoregulatory strategy and pattern.
The rats used in this study were housed at 24℃, a Ta within their thermoneutral zone
(Le and Brown 2008), and thus were most comparable to summer squirrels, housed at over
20℃. The differences between ground squirrel and rat CIII and CIV dynamics demonstrate
that even in the summer, there is a species difference in the distribution of ETS
supercomplexes that cannot be explained by Ta. These results are even more impactful
when considering that thirteen-lined ground squirrels are obligate seasonal hibernators and
cannot be induced to hibernate in the summer, i.e., hibernation is a specific phenotype that
requires physiological preparation which follows a circannual pattern. Nonetheless,
summer squirrels’ ETS distribution was different from rats’.
To further explore species differences and the effects of Ta and season on SC
abundance, it might be interesting to compare cold-acclimated rats and cold-acclimated
summer ground squirrels, as well as IBE squirrels, i.e., all exposed to cold Ta with similar
Tb, but only IBE squirrels capable of hibernation. I predict that there would still be
differences in the distribution of ETS SCs in cold-acclimated rats and summer ground
squirrels ground squirrels, and more differences in IBE squirrels, perhaps due to
mitochondrial physiology specifically related to a thermoregulatory strategy that involves
hibernation.
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4.5

Stability of Supercomplexes

I found that when IBE mitochondria were solubilized with the stronger detergent, there
was a significant decrease in respirasome abundance, and a significant increase in smaller
SCs compared to the gentler detergent. I can infer that respirasomes are breaking into
smaller supercomplexes and thus smaller SCs are increasing in abundance. This finding
occurred in IBE only, indicating that IBE SCs are less stable than SCs isolated from rats
and squirrels in other hibernation states. When I examined how the stronger detergent
affected CIII association, I found that rats had significantly less CIII associated with the
respirasome when mitochondria were solubilized with DDM compared to when they were
solubilized with digitonin. Summer squirrels had a significantly higher percent of CIII as
a dimer when mitochondria were solubilized with DDM. Less CIII associated with the
respirasome is perhaps another indication of instability, as these protein-protein
interactions were disrupted by the stronger detergent. Likewise, increased CIII as a dimer
also indicates unstable SCs, because there was more free CIII. These data indicate that rat
and summer SCs are less stable than those of winter-acclimated squirrels.
My prediction that ground squirrel supercomplexes would be more stable than those of
rat supercomplexes was partially supported.

IBE supercomplexes were least stable,

summer and rat supercomplexes were somewhat stable, and torpor supercomplexes were
very stable. As all mitochondrial samples were isolated on ice, frozen at -80℃, and
solubilized and extracted on ice, these effects are not likely due to exposure of cold
temperatures. As such, these results are very interesting when considering the implications
of thermoregulatory strategies.
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It appears that the stability of supercomplexes is inversely related to metabolic demand.
Torpid squirrels actively suppress mitochondrial respiration and energy is not devoted to
maintaining a high Tb, whereas IBE squirrels generate a lot of heat. Summer squirrels and
rats have less demand for heat, as high Ta does not require as intense heat production to
maintain Tb. Supercomplex stability varies interspecifically with thermoregulatory
strategy. Bundgaard et al. (2020) compared supercomplex stability between endotherms
and ectotherms. They found that eurythermic ectotherms (carp, turtle, python, bearded
dragon) all had very stable supercomplexes; respirasomes remained intact when
mitochondria were solubilized by DDM. By contrast, relatively stenothermic ectotherms
(toad, trout) and homeothermic endotherms (rat, zebra finch) had less stable
supercomplexes that dissociated with solubilization using DDM (Bundgaard et al. 2020).
Obligate hibernators are considered seasonally heterothermic endotherms that can tolerate
a wide range of Tb, but only during the hibernation season. In the summer, ground squirrels
are essentially homeothermic endotherms, and, like rats and finches, they maintain a single,
high, Tb. I saw that the stability of summer ground squirrel and rat SCs were similar;
indeed, summer squirrels followed the pattern of other homeothermic endotherms reported
by Bundgaard et al. (2020). The stability of SCs was not similar between rats and winter
squirrels. Unlike ectotherms that have no physiological control over Tb, hibernators defend
their Tb during torpor (Buck and Barnes 2000), albeit at a lower temperature. However,
like the ectotherms studied by Bundgaard et al. (2020), I saw that torpor SCs were most
stable. IBE squirrels, supposedly producing the most heat, had very unstable SCs. It
appears there is a general relationship between thermoregulatory strategy and SC stability:
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animals with low metabolic rates and Tb have stable supercomplexes, and animals with
high metabolic rates and high Tb have unstable supercomplexes.
It is not yet clear what, if any, mechanisms, or signals underlie changes in stability
between hibernation conditions. It is possible that these changes result from changing
interactions between SC proteins and IMM phospholipids. Mitochondrial membranes are
extensively remodeled in thirteen-lined ground squirrels during hibernation (Armstrong et
al. 2011), and there are changes in the content of phosphatidylethanolamine (PE), a lipid
correlated with decreased SC abundance and stability (Böttinger et al. 2012). PE was
highest in IBE and summer, and lowest in late arousal (Armstrong et al. 2011). Cardiolipin,
the phospholipid thought to stabilize SCs (Böttinger et al. 2012), was unchanged
throughout the hibernation cycle (Armstrong et al. 2011). My data showing less stable SCs
during IBE is consistent with increased PE content in the IMM, but it is not clear why
torpor showed the most stable SCs, as PE content did not decrease in torpor (Armstrong et
al. 2011). Nonetheless, I hypothesize a relationship between membrane phospholipid
composition and supercomplex abundance, future research is needed to determine if this
relationship exists.

4.6
Revisiting the Proposed Physiological Significance
of Supercomplexes
Stability— I found that supercomplex stability differed intraspecifically in thirteen lined
ground squirrels over a hibernation season. Like ectotherms (Bundgaard et al. 2020), torpid
squirrels had more stable respirasomes than the warm squirrels (IBE and summer) and rats.
My findings complement those studies that found SCs might contribute to the overall
stability of the individual ETS complexes (Hermann Schägger et al. 2004; Budde et al.
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2000; Li et al. 2007), and infer that stability might be related to metabolic demand and
mitochondrial respiration: IBE SCs were least stable, and torpid SCs were most stable. My
data do not offer information regarding whether SCs increase the stability of individual
ETS complexes, but the link between SC stability and mitochondrial suppression I present
here is perhaps another selective advantage for SCs.
Respiratory Capacity—I found that supercomplex abundance was not related to state 3
mitochondrial respiration. At face-value, these results do not agree with increased
respiratory capacity as a selective advantage of SCs, nor do they implicate SCs directly as
a mechanism underlying reversible mitochondrial suppression in hibernating ground
squirrels. I suspect that there are many processes involved in determining respiration rate
during hibernation rather than simply SC abundance in isolation. SC changes in hibernation
are perhaps an interesting symptom of metabolic suppression rather than a cause.
ROS Avoidance—CI and CIII are the major ROS-producers in mitochondria (reviewed in
Hernansanz-Agustín and Enríquez 2021). Supercomplex formation decreases ROS
formation; when CI and CIII are in supercomplexes, less ROS was produced in mouse
fibroblasts and neurons (Lapuente-Brun et al. 2013a; Lopez-Fabuel et al. 2016,
respectively). I saw increases in the percent of CIII within a respirasome in winter squirrels
and increases in the percent of CIII within smaller SCs in the winter. Duffy and Staples
(unpublished) showed decreased ROS damage to tissues of squirrels sampled during the
winter than squirrels sampled in the summer. Recently, they found higher ROS production
in torpid squirrels’ liver mitochondria than IBE or summer squirrels’ (Duffy and Staples,
unpublished). When only data from winter ground squirrels were compared, I saw
significantly more abundant CIII/CIV SCs in torpor compared to IBE, consistent with these
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emerging results. Overall, the findings I present here are complementary to ROS avoidance
as a selective advantage for supercomplexes.

4.7

Next Steps

I characterized supercomplex distribution and dynamics in steady hibernation states:
torpid squirrels were sampled at least 4-days post-entrance, IBE squirrels after a stable Tb
had been reached, and summer squirrels after at least 4 months of euthermia. This
experimental design gave valuable information regarding mitochondrial physiology in
these hibernation states, but the transition states between torpor and IBE are also worth
exploring. In thirteen-lined ground squirrels, whole-animal oxygen consumption decreases
before Tb, indicating active suppression of mitochondrial respiration might be effected
before Tb reaches steady state in torpor (Brown et al. 2012). Likewise, metabolic rate
begins to rise before Tb upon arousal (Brown et al. 2012). It is worth exploring changes in
supercomplex abundance in these transitional phases, as this information could indicate
that supercomplex dynamics play an influential role in metabolic suppression and
reactivation. To explore these transition states, mitochondria should be isolated from
squirrels during arousal, before Tb reaches 37℃, and during entrance to torpor, before Tb
reaches 15℃, when both whole-animal metabolism and mitochondrial respiration are
changing the most (Staples 2012). During entrance into torpor samples should be taken
before Tb falls below 30℃, at which point mitochondrial metabolism is maximally
suppressed (Staples 20212).
To compare supercomplex dynamics and stability between animals of different
thermoregulatory strategies, I used warm-acclimated rats. I found differences in the
abundance, distribution, and stability in hibernating squirrels compared to rats, and these
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differences remained even when comparing summer squirrels to rats (similar Ta and Tb).
Comparing SCs between cold-acclimated rats and hibernators could answer questions
about how supercomplexes relate to intense thermoregulation in cold T as. When coldacclimated, rats increase their metabolism to thermoregulate and keep warm using
upregulated brown adipose tissue (Smith and Roberts 1964). The cold-acclimated rat
would be a good comparison to IBE squirrels, both maintain a high Tb in cold Ta using heat
generated primarily from BAT. Differences between these species under these conditions
would indicate supercomplex characteristics more specific to hibernators.
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Appendices
6.1

Appendix 1: Animal Use Protocol

a

6.2

Appendix 2: Western Blot Protocol

During the western blot protocol, I imaged each gel using stain-free imaging to verify the
PAGE was successful before transfer to a PVDF membrane (Figure 23.A). Following
transfer, I imaged the PVDF membrane before incubation with antibodies to ensure the
transfer was successful (Figure 23.B). When I imaged the final chemiluminescent blot, I
also imaged colorimetric staining to determine where the protein ladder migrated as a
reference molecular mass for my samples (Figure 23.C and D).

b

Figure 23: Representative stain-free gel (A.), stain-free blot (B.), and composite
western blot (C. and D.) images. Composite images are composed of chemiluminescent
imaging (fluorescent antibody) overlayed with colorimetric imaging (stained ladder). C
shows the composite image obtained from the imager, and D shows a high-contrast version
of the image for better identification of the bands.

6.3
Appendix 3: SC Abundance Between Hibernation
States
When the liver data was considered without summer samples, there was a significant
increase in smaller SC abundance in torpor than in IBE (unpaired, two-tailed t-test,
t8=4.390, P<0.01, Figure 24).

c

Figure 24: Relative staining intensity of the respirasome and small supercomplexes in
mitochondria from I. tridecemlineatus liver between IBE and torpor (excluding
summer). Band intensity was standardized to the intensity of the entire blot. Data are
means ± SE. N=5. ** refers to significant difference between winter conditions, P<0.01.

6.4

Appendix 4: COVID-19 Considerations

Due to the COVID-19 pandemic occurring one year into my M.Sc., I was unable to achieve
a few goals I would have otherwise, had some restrictions not been put in place.
First, the university was shut down for the spring of 2020, and we were unable to do
surgeries on summer animals, or sample BAT from summer squirrels (see section 3.1,
above).
Second, due to the closing of the Manitoba-Ontario border and limits on travel, we were
not able to drive to Carman, MB until June of 2020. The result of this delay was that we
were unable to trap pregnant females whose pups would increase our captive population.
The consequences of a smaller population were that we had only 5 squirrels available to
sample in the summer of 2021. Troubleshooting the heart mitochondrial isolation protocol
meant that I had an n-value of 2 for summer heart samples (see section 3.2.2, above),
perhaps precluding some findings had the sample size been larger.
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